Rôle de la sphingosine 1-phosphate dans les interactions mélanome-stroma by Albinet, Virginie
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Abstract 
Despite progress in the understanding of the biology and genetics of melanoma, no 
effective treatment against this cancer is available. The adjacent microenvironment 
plays a key role in the progression of these tumors. Defining the molecular signals 
that control the bidirectional dialogue between malignant cells and the surrounding 
stroma is crucial for efficient targeted therapy. Our study aimed at defining the role of 
sphingosine-1-phosphate (S1P) in melanoma-stroma interactions. Transcriptomic 
analysis of human melanoma cell lines showed increased expression of sphingosine 
kinase-1 (SPHK1), the enzyme that produces S1P, as compared to normal 
melanocytes. Such an increase was also observed by immunohistochemistry in 
melanoma specimens as compared to nevi, and occurred downstream of ERK 
activation due to BRAF or NRAS mutations. Importantly, migration of melanoma cells 
was not affected by changes in SPHK1 in melanoma but was stimulated by 
comparable modifications of S1P-metabolizing enzymes in co-cultured dermal 
fibroblasts. Reciprocally, incubation of fibroblasts with the conditioned medium from 
SPHK1-expressing melanoma cells resulted in their differentiation to myofibroblasts, 
increased production of matrix metalloproteinases, and enhanced SPHK1 expression 
and activity. In vivo tumorigenesis experiments showed that the lack of S1P in the 
microenvironment prevented the development of orthotopically injected melanoma 
cells. Finally, local tumor growth and metastases were enhanced more efficiently by 
co-injection of wild-type skin fibroblasts than by fibroblasts from Sphk1-/- mice. 
Altogether, our findings highlight the implication of SPHK1/S1P in stromagenesis to 
facilitate melanoma progression and metastases. This novel role of S1P in 
melanoma-microenvironment interactions makes this pathway a particularly attractive 
therapeutic target. 
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Introduction 
Tumors are composed of neoplastic cells and non-neoplastic stromal cells that 
interact with each other, either through direct heterotypic cell-cell contacts or through 
secreted diffusible molecules, to stimulate tumor progression towards an aggressive 
phenotype (1). One of the key cellular components in the microsystem of the reactive 
stroma is the myofibroblast, a modulated fibroblast that has acquired during 
stromagenesis the ability to express α-smooth muscle actin (α-SMA) and to secrete 
growth factors, extracellular matrix (ECM) components including collagen and 
fibronectin and ECM modulating factors such as matrix metalloproteinases (MMPs) 
(2,3). These microenvironmental factors strongly contribute to enhance cancer cell 
growth but also promote their metastatic spread towards secondary organs, a key 
feature of tumor progression (4). Myofibroblasts derive from resident stromal cells or 
circulating mesenchymal stem cells, that have been attracted to the primary tumor 
site. Whatever their origin, under the influence of efferent signals from tumor cells, 
these cells differentiate into myofibroblasts, thereby engaging a cycle of paracrine 
afferent signals, sensed by cancer cells which respond by changing their motility and 
aggressiveness (5).  
In melanoma, which is the most malignant and the deadliest form of all skin 
cancers (6), the dense and fibrotic nature of the tumor is thought to be a direct 
consequence of the presence of myofibroblasts (7). The recruitment and infiltration of 
large numbers of mesenchymal cells in the microenvironment of solid tumors is often 
associated with the development of high-grade cancers with poor prognosis (8). 
Notably, the determination of melanoma virulence, assessed either by Clark levels 
(9) or by the Breslow measurement of tumor thickness (10), has been conventionally 
related to the invasion of the dermal fibroblast-rich layer of the skin. However, 
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whereas the role of tumor-myofibroblast interactions in melanoma progression are 
increasingly documented (11), how dermal fibroblasts modulate this dialogue is less 
known. Recently, by using a 3D-coculture model in which preformed melanoma 
spheroids were implanted into a collagen matrix containing dermal fibroblasts, it has 
been shown that melanoma cells actively recruit normal fibroblasts (12). This event 
could contribute to melanoma cell growth and resistance to treatment but the 
molecular mechanisms underlying these processes have not yet been completely 
elucidated. 
By transcriptomic analysis performed on various human skin melanoma cells, we 
previously observed that expression of sphingosine-1-phosphate (S1P) lyase, the 
enzyme that cleaves S1P, was reduced in tumor cells compared to normal 
melanocytes, suggesting that melanoma cells could accumulate S1P (13). This 
bioactive sphingolipid metabolite, which is mainly produced by sphingosine kinase-1 
(SPHK1) in numerous cancer cells, conveys oncogenic signals as an intracellular 
second messenger and/or through a family of G-protein coupled receptors (S1PR1-5) 
expressed on tumor cells themselves as well as their surrounding microenvironment 
(14,15). Indeed, many lines of evidence point to the role of S1P in tumor 
angiogenesis by stimulating production of angiogenic factors and chemotaxis of 
endothelial cells, consequently, promoting tumor cell invasion and metastasis (16). 
Treatment of mice with FTY720, an antagonist of S1PRs, reduced melanoma 
progression by inhibiting tumor vascularization (17). Moreover, S1P-neutralizing 
antibodies blocked endothelial cell migration, capillary morphogenesis, and reduced 
tumor growth in murine xenograft and allograft models (18), indicating that S1P and 
its receptors are closely related to the angiogenic process.  
Emerging evidence highlights the role of S1P-mediated signaling pathways in 
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promoting the transdifferentiation of fibroblasts into myofibroblasts during human 
fibrotic diseases (19). Interestingly, previous studies demonstrated that stromal 
myofibroblasts within the tumour resemble those present in wounded and fibrotic 
tissues, expressing a set of proteins including α-SMA and others, allowing to grossly 
change the ECM architecture (20). However, whether S1P signaling is involved in the 
tumor invasion-promoting effect of myofibroblasts has never been studied. 
Therefore, the goal of this study was to define the molecular mechanisms 
involved in the production of S1P in melanoma cells and to determine its effects on 
the communication between cancer cells and dermal fibroblasts. Our results identify 
the SPHK1/S1P as a critical signaling pathway in this dialogue to mediate melanoma 
cell invasion and metastasis. 
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Material and Methods 
 
Cell culture 
Melanoma, HEK293T cell lines and PSC-200-012 primary neonatal epidermal 
melanocytes were obtained from ATCC. Cells were thawed and passaged according 
to ATCC guidelines for less than 6 months after receipt or resuscitation. ATCC 
authenticates cell lines by DNA fingerprinting by STR analysis. Adult NHEM-M2 and 
juvenile NHEM-B primary melanocytes were from Lonza (Amboise, France). Melan-a 
murine melanocytes were from Dr. D. Bennett (London, UK). Fibroblasts were 
isolated from the dermis of healthy patients (Lab. Biochimie, CHU Toulouse). The 
MM455 cell line was kindly provided by Dr. H. Tsao (Boston, MA). Cells were grown 
as monolayers either in RPMI or DMEM media supplemented with 10% heat-
inactivated FCS (PAA, Cergy-Pontoise, France) in the presence of 5% CO2 in a 
humidified atmosphere at 37°C. 
 
Isolation of murine dermal fibroblasts 
Murine dermal fibroblasts were isolated as adapted from (21). 
 
Cell transfection 
Transient transfections of HEK293T cells with BRAF or BRAFV600E-encoding 
plasmid were achieved using JetPEI reagent (Polyplus). pcDNA3.1-SPHK1 or 
SPHK1G82D plasmid was transfected into COLO829 and Melan-a cells and stable 
transfectants were selected for their resistance to 750µg/ml G418.  
Transient RNA interference was achieved by using a pool of four small interfering 
RNAs (siRNA) specific for SPHK1, SGPL1 or BRAF (ON-TARGETplus SMARTpool; 
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Dharmacon) or scrambled siRNA. Cells were transfected using HiPerfect Reagent 
(Qiagen) and inhibition efficiency was evaluated 48h after transfection. 
 
Migration assays 
Transmembrane cell migration assays were performed using FluoroBlok inserts 
(BD Biosciences, Bedford, MA). Fibroblasts were first seeded in the lower chamber 
and incubated in serum-free DMEM for 24h. Alternatively, the chamber contained 
S1P (Matreya, Pleasant Gap, PA) and/or VPC23019 (Avanti Polar Lipids, Alabaster, 
AL). A375-GFP cells (1.10
5
 cells) suspended in serum-free DMEM were then added 
into the upper chamber. After 24h of incubation, migration was determined by 
quantifying the fluorescence of cells that migrated to the underside of the insert 
membranes. In some assays, melanoma cell migration was assessed by scratch 
wound assay (12). 
 
Quantitative RT-PCR 
Analyses of mRNA expression were achieved as described (13). 
 
SPHK1 enzymatic assay  
SPHK1 activity was determined as described (22) with minor modifications. 
 
S1P secretion 
Cells cultured in six-well plates were incubated for 10min with D-erythro-[3-
3
H]sphingosine (1.5µM, 0.45µCi; Perkin-Elmer). The radiolabelled S1P released into 
the medium was quantified as described (23).  
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Western blot analyses 
Equal amounts of proteins were separated in a 10-15% SDS polyacrylamide gel 
and transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA). Protein 
complexes were detected using an ECL detection system (Pierce). Polyclonal anti-
SPHK1, BRAF, Vimentin, ppERK, ERK and β-actin were purchased from Cell 
Signaling, anti-SGPL1 and α-SMA antibodies from Sigma, and anti-MMPs, S1PR1 
and S1PR3 antibodies from Epitomics.  
 
Tumor allografts in mice 
Animal experiments were conducted in accordance with the 86/609/EC European 
directive, and our protocol was approved by the Regional Ethics Committee of Midi-
Pyrénées. B16F10 cells (3.10
5
) alone or B16F10 (1.10
5
) mixed with fibroblasts 
(2.10
5
) were injected intradermally into the flank of 8-week old C57BL/6 female mice 
(Janvier, Le Genest-Saint-Isle, France) or Sphk1-/- mice (24). Tumor volumes were 
measured as described (25). Tumors were removed 19 days post-injection and 
weighed. 
 
Immunohistochemical analysis 
Tissue specimens obtained from Institut Claudius Regaud were processed as 
reported (26). The primary rabbit anti-SPHK1 antibody (Sigma) was incubated for 1h 
at room temperature and revealed using a one-step peroxidase-conjugated polymer 
system (En Vision™ DAKO, Glostrup, Denmark) and 3,3′-diaminobenzidine. Scores 
for percentage of positive cells and scores for expression intensities were multiplied 
to calculate an immunoreactive score (IRS). 
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Statistical analyses 
Results are expressed as means±sem. Student’s t test was used for statistical 
comparisons among groups and differences were considered statistically significant 
when p<0.05 (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 
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Results 
 
Dysregulation of S1P metabolism in melanomas 
As we previously reported, the expression of S1P lyase, which irreversibly 
degrades S1P, was downregulated in a series of invasive or metastatic melanoma 
cells as compared with that of healthy melanocytes (13), we wondered whether 
expression of SPHK1, the kinase that produces S1P, is also altered in melanocytic 
tumor cells. Here, we report that, whereas SPHK2 and S1P phosphatase-1 (SGPP1) 
transcript levels were unchanged and decreased, respectively (Fig.S1), mRNA 
(Fig.1A) and protein (Fig.2A) levels of SPHK1 are upregulated in various human 
cutaneous melanoma cells. An increase of 1.7-11.5 fold of SPHK1 enzyme activity 
was observed in all human melanoma cell lines tested (Fig.1B)!except for COLO829 
cells in which the protein is virtually not expressed (Fig.1A and 2A). Similar results 
were observed for B16F10 murine melanoma cells as compared to murine 
melanocytes of C57BL/6 origin (Fig.1B). Moreover, immunohistochemical 
examination of biopsies obtained from a series of 30 patients with melanoma 
revealed a higher expression of SPHK1 in the tumor tissue than the adjacent 
melanocytic nevus (Fig.1C). Moreover, SPHK1 was expressed in the four main 
histologic subtypes of cutaneous melanoma (Fig.1D). Altogether, these findings show 
that S1P metabolism is altered in melanoma cells, pointing to a possible role of S1P 
in melanocytic tumor progression. 
 
SPHK1 expression and activity are modulated by the serine/threonine-
specific protein kinase BRAF in melanoma cells 
Albinet et al.  11 
With the discovery of frequent BRAF or NRAS mutations in melanocytic 
neoplasms, which result, for the vast majority of them, in a single amino acid change 
at codon 600 (BRAFV600E) or 61 (NRASQ61L), respectively, activation of the 
RAS/RAF/MEK/ERK signaling pathway has emerged as a major event of the 
metastatic progression of melanoma (27). 
As shown in Fig.2A, SPHK1 is overexpressed in melanoma cells in which BRAF 
and ERK are stimulated by the presence of activating NRAS or BRAF mutations. To 
determine the molecular mechanisms by which SPHK1 is activated, we first 
transfected HEK293T cells with a vector expressing either wild-type BRAF or 
oncogenic BRAFV600E and then analyzed the effect on! "#$!$%&'$(()*+!,+-!$+./0$!
,1")2)"/! *3! 45678. As compared to the empty-vector control counterparts, BRAF 
overexpression was associated with increased of ERK phosphorylation as well as 
SPHK1 expression and activity (Fig.2B and 2C). Interestingly, treatment of BRAF-
overexpressing cells with the MEK inhibitor PD98059 decreased ERK 
phosphorylation and SPHK1 expression ; similar findings were observed in BRAF 
()9:;-treated melanoma cells (Fig.2D). In contrast, SPHK1 overexpression in 
HEK293T cells or in melanocytes (Melan-a) or, conversely, silencing of the kinase in 
melanoma cells weakly affected ERK phosphorylation. The same results were 
obtained in melanocytes overexpressing the inactive mutant SPHK1G82D (Fig.2E). 
These results suggest that SPHK1 expression/activity is controlled by the 
RAS/RAF/ERK cascade in melanoma cells. 
 
Melanoma cell migration is not affected by tumor cell SPHK1 but is 
stimulated by SPHK1-expressing dermal fibroblasts. 
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To investigate whether and how SPHK1 affects melanoma progression, we used 
the melanoma cell line COLO829 which was devoid of SPHK1 protein and we 
generated the COLO829(SPHK1) variant, which exhibited a high SPHK1 activity 
(Fig.3A). Then, we assessed the effects of SPHK1 on cell proliferation and migration. 
As illustrated in Fig.S2, no difference in cell number was observed upon SPHK1 
overexpression. Migration of COLO829 cells also remained unaffected by ectopic 
SPHK1 (Fig.3B). These results were confirmed by using other melanoma cell lines in 
which SPHK1 was silenced, demonstrating that expression of SPHK1 alone within 
melanoma cells is not sufficient to stimulate their proliferation or migration. 
Since fibroblasts strongly contribute to melanoma progression (28), we next 
examined the role of dermal fibroblasts on melanoma cell migration. To this end, 
A375 melanoma cells were seeded in Boyden chambers and co-cultivated for 24h 
with primary fibroblasts isolated from the dermis of heathly donors. Fig.3C shows that 
melanoma cell migration increased almost 4-times when tumor cells were cocultured 
with dermal fibroblasts. Interestingly, this phenomenon was further enhanced when 
SPHK1 was overexpressed by fibroblasts. Moreover, when A375 cells were 
cocultured with fibroblasts in which S1P lyase has been knocked-down (to promote 
S1P accumulation), tumor cell migration increased. In contrast, siRNA-mediated 
knockdown of SPHK1 in dermal fibroblasts led to ∼50% decrease in melanoma cell 
migration. In accordance, the coculture of A375 cells with SPHK1-deficient 
fibroblasts, derived from the skin of Sphk1-/- mice, decreased their migration as 
compared to a coculture with wild-type fibroblasts. Altogether, these findings 
demonstrate that SPHK1 expressed by dermal fibroblasts stimulates melanoma cell 
migration and suggest (as indicated by the use of S1P lyase siRNA) that S1P itself 
could influence these interactions. 
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Finally, to determine the effect of S1P on melanoma cell migration, transwell 
migration assays were conducted on A375 melanoma cells treated with S1P. As 
depicted in Fig.3D, tumor cell migration was enhanced by 6-fold as compared with 
controls, respectively. Treatment by a pharmacological antagonist of S1PR1 and 
S1PR3 receptors abrogated this migratory effect. 
!
SPHK1-expressing melanoma cells stimulate transition of fibroblasts to 
myofibroblasts : effect on melanoma cell migration!
To gain further insight into the communication between melanoma cells and 
dermal fibroblasts, we examined SPHK1 expression in dermal fibroblasts upon 
incubation with the conditioned medium either from COLO829(SPHK1) or control 
COLO829 which do not express SPHK1. As illustrated in Fig.4A and B, conditioned 
medium from COLO829(SPHK1) led to increased SPHK1 mRNA and protein levels 
in the fibroblasts ; however, no effect was observed on the expression of S1PR1 and 
3. In addition, secretion of S1P by COLO829(SPHK1)-treated fibroblasts was greater 
than that by fibroblasts incubated with conditioned medium from control COLO829, 
and was comparable to that by SPHK1-overexpressing fibroblasts (Fig.4C).  
As S1P can stimulate the transdifferentiation of fibroblasts into myofibroblasts 
during fibrotic diseases (19), we next explored the expression of α-SMA, a common 
marker of myofibroblasts (29). Fig.4D shows that α-SMA expression was strongly 
induced in dermal fibroblasts exposed to the conditioned medium from 
COLO829(SPHK1) as compared to untreated or control COLO829-stimulated 
fibroblasts. In contrast, none of the conditioned media altered the level of vimentin, a 
cytoskeletal protein expressed by mesenchymal cells. 
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In addition, levels of MMP-2 and -9 expression, but not MMP-1 and -13, four 
MMPs which are activated during melanoma cell invasion (30), were elevated in 
dermal fibroblasts upon incubation with conditioned medium from COLO829(SPHK1) 
(Fig.4D). Increased secretion of both MMPs was also observed in the medium of 
COLO829(SPHK1)-stimulated fibroblasts (Fig.4E). 
To establish whether the above alterations seen in cultured fibroblasts also occur 
within melanocytic tumors, tumor-associated fibroblasts (TAFs) were isolated from 
human melanoma biopsies and characterized by their cytoskeleton marker α-SMA. 
Unlike melanoma cells, TAFs expressed α-SMA (Fig.S3A). In these cells, the mRNA 
levels of MMP-2, MMP-9 and SPHK1 as well as SPHK1 enzymatic activity were 
significantly increased as compared to human dermal fibroblasts (Fig.S3B). 
Overall, these data indicate that modulation of SPHK1 within melanoma cells 
promotes tumor cell migration by regulating myofibroblast-like differentiation of 
dermal fibroblasts, SPHK1 activation and secretion of S1P by differentiated 
fibroblasts. 
!
SPHK1 activity of dermal fibroblasts modulates tumor growth and 
dissemination in a mouse model of melanoma 
To determine the effect of SPHK1 suppression in dermal fibroblasts on 
melanoma growth and metastasis, B16F10 murine melanoma cells were injected 
intradermally into the flank of wild-type or SPHK1-knockout mice, and tumor volumes 
were monitored. As shown in Fig.5A, when orthotopically injected into Sphk1-/- 
syngenic mice, B16F10 tumors exhibited a dramatically decreased growth rate 
compared with tumors allografted in wild-type animals. 
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To further assess the contribution of SPHK1 originating from dermal fibroblasts, 
we mixed fibroblasts extracted from the skin of wild-type or Sphk1-/- mice with 
B16F10 melanoma cells in a 2:1 ratio, and inoculated these mixtures intradermally in 
syngenic wild-type C57BL/6 mice. As expected, B16F10 melanoma cells mixed with 
wild-type fibroblasts generated tumors of greater volume (Fig.5B) and weight 
(Fig.5C) than did B16F10 alone or murine melanoma cells that had been mixed with 
Sphk1-/- fibroblasts prior to injection into host animals. Importantly, injections of 
fibroblasts without melanoma cells did not induce any tumors (Fig.5B). In 
accordance, Sphk1-/- mice showed an increased tumor weight after co-implantation of 
B16F10 murine melanoma cells along with wild-type fibroblasts as compared to 
deficient mice injected with B16F10 alone or mixed with SPHK1-deficient fibroblasts 
(Fig.5C). 
As SPHK1-expressing fibroblasts are able to stimulate the migration of 
melanoma cells in culture (Fig.3D), we next evaluated the impact of genetic deletion 
of SPHK1 in fibroblasts on the metastatic potential of the melanoma tumors. We 
found that 15-20% of the wild-type mice implanted with B16F10 mixed with wild-type 
fibroblasts developed lung metastases whereas only 2.5% of mice injected with 
B16F10 along with Sphk1-/- fibroblasts had metastases. In contrast, no metastasis 
was observed within 20 days in mice implanted with B16F10 alone (Fig.5D). 
Moreover, the number of metastases was 4-times higher in mice implanted with 
B16F10 mixed with wild-type fibroblasts compared to animals co-injected with 
SPHK1-deficient fibroblasts (data not shown). Overall, these results suggest that 
dermal fibroblasts regulate metastatic spread of melanoma cells and that SPHK1 
expressed in fibroblasts is a major player in this process.  
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Discussion 
Mesenchymal modifications, also known as stromagenesis, are a common 
feature of many solid tumors (29). In melanoma, stromagenesis corresponds to a 
four-stage process similar to that described during wound healing or fibrosis, that 
involves : i) recruitment of resident dermal fibroblasts or circulating precursor cells ; ii) 
fibroblast activation and proliferation ; iii) transdifferentiation into myofibroblasts; and 
iv) synthesis and secretion of mediators that promote tumor cell growth and 
propagation (28). These stromal alterations, triggered by cancer cells themselves 
during early tumor development, constitute a key step of tumorigenesis. Defining 
intercellular molecular dialogues in melanoma, a highly aggressive tumor, has 
become a major challenge to identify potential stroma targets that could slow down 
the formation of secondary tumor foci. 
Here, we report that S1P metabolism plays a pivotal role in this communication. It 
is altered in melanoma cells as illustrated by down-regulation of the S1P-degrading 
enzymes, S1P lyase (13) and phosphatase, and conversely, up-regulation of the 
S1P-producing enzyme SPHK1, with no significant modification of the apoptosis-
inducing kinase SPHK2. SPHK1 expression was increased in cancer versus non-
cancer tissue in cutaneous melanoma patients but this activation is not associated 
with a particular histologic subtype while NRAS or BRAF mutations are frequent in 
nodular and superficial spreading melanoma (31). We also show that expression of 
SPHK1 depends on ERK phosphorylation, downstream of BRAF which is 
constitutively activated in melanoma due to the presence of activating NRAS or 
BRAF mutations. These data agree with studies showing that in many tumors SPHK1 
mRNA and protein expression are enhanced relative to healthy tissue (32). 
Moreover, they corroborate the finding that V12-H-Ras, an active mutant of Ras, was 
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able to activate SPHK1 in 3T3 fibroblasts (33). However, this is the first report which 
demonstrates that SPHK1 expression is dependent on the RAS/RAF/MEK/ERK 
signaling pathway, either in NRAS- or BRAF-mutated melanoma cells, suggesting 
that SPHK1 could be a novel molecular target for anti-melanoma therapies. A recent 
study reported that targeting SPHK1 by genetic or pharmacological approaches 
increases apoptosis of xenografted melanoma tumors (34). This protective effect 
correlated with decreased Bcl-2 expression (35). 
In addition, this study demonstrates that endogenous production of S1P by 
SPHK1 alters neither proliferation nor migration of melanoma cells. In contrast, tumor 
cell migration was significantly enhanced in the presence of dermal fibroblasts 
especially when they express SPHK1. These results reinforce the concept that 
dermal fibroblasts are key players of melanoma development (12). Moreover, we 
observed that the migratory potential of human melanoma cells correlates with their 
ability to stimulate SPHK1 expression in dermal fibroblasts. The latter cells secrete 
S1P into the medium which in turn activates melanoma migration. This event was 
blocked by VPC23019, a S1PR1 and S1PR3 antagonist, suggesting that the 
migratory effect of S1P is mediated by either of these receptors. However, why 
expression SPHK1 in melanoma cells was not sufficient by itself to induce migration, 
remains to be clarified. One explanation may relate to S1PR expression levels. 
Indeed, a 3-fold increase in S1PR3, but not S1PR1 and 2 (data not shown), was 
observed in A375 cells cocultured with SPHK1-overexpressing fibroblasts compared 
to control fibroblasts. Of note, activation of S1PR3 receptors by S1P triggers 
migration of numerous cell types by regulating rho family small-G-proteins (14). 
Moreover, we show that SPHK1-expressing melanoma cells can induce 
fibroblast differentiation into myofibroblasts. Expression of the two gelatinases MMP-
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2 and -9, which contribute to matrix remodeling in vivo, was also induced upon 
treatment with the conditioned medium of SPHK1-expressing melanoma cells. 
Interestingly, increased expression of SPHK1, MMP-2 and -9 was also found in α-
SMA-expressing TAFs isolated from human melanoma biopsies. 
These data emphasize a new role for SPHK1/S1P signaling in fibroblastic 
differentiation in the context of cancer (see Fig.S4). Indeed, emerging evidence 
shows that S1P production is linked to myofibroblastic differentiation during wound 
healing (36) or fibrotic lesions (19,37). For instance, S1P promotes differentiation of 
human lung fibroblasts to a pro-fibrotic, myofibroblast phenotype (38) and stimulates 
collagen synthesis in foreskin fibroblasts (39). In addition, S1P induces α-SMA 
expression in hepatic (40) and lung fibroblasts (41). Many of these actions are 
mediated by the binding of S1P to its receptors. Nonetheless, in our experiments, 
direct stimulation of dermal fibroblasts with exogenous S1P did not replicate the 
effects obtained with conditioned media from SPHK1-expressing melanoma cells 
(data not shown). This suggests that the differentiating effects of SPHK1-expressing 
melanoma cells are not mediated solely by extracellular S1P. One could speculate 
that these cells secrete other factors that induce both SPHK1 activation in fibroblasts 
and differentiation into myofibroblasts. For instance, TGF-β, a key cytokine of 
fibroblastic differentiation, can stimulate SPHK1 expression in dermal (42) and 
cardiac (43) fibroblasts.  
Of major interest was the finding that S1P production by skin fibroblasts, present 
in the vicinity of tumor cells, enhanced in vivo melanoma growth and dissemination. 
Importantly, mice allografted with B16F10 murine melanoma cells exhibited 
substantial retardation of tumor progression upon anti-S1P antibody treatment (18). 
This event was associated to the inhibition of vascular endothelial cell migration and 
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bFGF- and VEGF-induced angiogenesis. In addition to the S1P’s key paracrine role 
in blood-vessel formation (44,45), lymphangiogenesis (45,46) and inflammation-
related carcinogenesis (47), our findings now provide evidence that SPHK1/S1P 
signaling could initiate stromagenesis, facilitate local tumor growth and promote 
metastasis in melanoma. Besides the very recently reported role of systemic S1P in 
regulating lung colonization of circulating tumor cells (48), our observation adds a 
novel facet to the functions of SPHK1/S1P in cancer. This gives further credence to 
therapeutic strategy targeting the SPHK1/S1P axis that would fight cancer through 
multiple actions. 
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Legends to the figures 
 
Figure 1. Expression of SPHK1 in melanoma 
(A) SPHK1 mRNA in human melanoma cell lines was quantified by RT-PCR. Data 
are expressed as fold-change over the levels in adult (NHEM-M2) or juvenile (NHEM-
B) human melanocytes. Data are means±sem of 3 independent experiments done in 
duplicate. (B) SPHK1 activity was measured in human (left) and mouse (right) 
melanoma cell lines. Data are expressed as fold-change over the activity in human 
(left) and murine (right) melanocytes. Results are representative of at least 2 
independent experiments performed in duplicate. (C) SPHK1 expression was 
evaluated by immunohistochemistry in biopsies from patients. (Left) Representative 
picture of SPHK1 detection in melanoma (arrows) compared to an adjacent nevus. 
(Right) Immunoreactive scores (IRS) of SPHK1 expression in nevi (n=20) and 
melanoma (n=30). Horizontal lines correspond to the IRS means. (D) SPHK1 IRS in 
melanoma (n=26) according to subtype : superficial spreading (SSM), nodular (NM), 
acral lentiginous (ALM) and lentigo maligna (LMM) melanoma. 
 
Figure 2. Regulation of SPHK1 expression by BRAF 
(A) Cell lysates (50 µg protein) of human neonatal melanocytes (PSC-200-012) and 
melanoma cell lines were subjected to SDS-PAGE and Western blotted with anti-
SPHK1, BRAF and ppERK. An anti-β-actin was used as a control for protein loading. 
Results are representative of at least 2 independent experiments. The status for 
NRAS and BRAF mutations is indicated (nd, not determined). (B) HEK293T cells 
were transfected with an empty vector or with a plasmid encoding either for the wild-
Albinet et al.  28 
type or oncogenic (V600E) form of BRAF. Expression of BRAF, ppERK, SPHK1 and 
S1P lyase was evaluated by Western blot. (C) SPHK1 activity was measured in the 
cells described in B. Data are means±sem of 2 independent experiments done in 
duplicate. (D) Western blot analysis of BRAF, ppERK and SPHK1 in HEK293T cells 
expressing BRAF incubated or not for 24h with PD98059 (50 µM) and in SKMel-28 
cells transfected with a control (Ctrl) or BRAF siRNA (10 nM) for 72h. (E) Analysis of 
BRAF, ppERK and SPHK1 in HEK293T, Melan-a and WM-115 cells transfected with 
an empty vector, a plasmid coding for wild-type or mutated (G82D) form of SPHK1, 
or with control (Ctrl) or SPHK1 siRNA (20 nM) for 72h. Anti-ERK and anti-β-actin 
antibodies were used as controls. 
 
Figure 3. Melanoma cell migration is modulated by fibroblast-derived S1P 
(A) COLO829 cells were transfected with an empty vector or with a plasmid coding 
for SPHK1. SPHK1 expression and activity were then evaluated by Western blot and 
enzymatic assay, respectively. Results are representative of at least 3 independent 
experiments. (B) Scratch wound assays were performed to evaluate migration of 
COLO829 cells transfected with an empty vector or a plasmid coding for SPHK1, or 
A375 and SKMel-28 cells transfected with control (Ctrl) or SPHK1 siRNA (20 nM). 
Silencing of SPHK1 in A375 cells by siRNA was estimated by Western blot. Data are 
means±sem of 2-4 independent experiments. (C) Effects of modifications of S1P 
metabolism in fibroblasts on A375 melanoma cell migration were evaluated by 
transwell migration assays. To increase the production of S1P by fibroblasts, SPHK1 
was overexpressed or S1P lyase (SGPL1) silenced in human fibroblasts using siRNA 
(left panels). Conversely, to reduce the production of S1P by fibroblasts, we used 
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either siRNA targeting SPHK1 or murine Sphk1-/- skin fibroblasts (right panels). 
Expression of SGPL1 and SPHK1 was estimated by Western blot. Data are 
expressed as fold-induction over migration observed in the absence of fibroblasts or 
with control fibroblasts, and are means of 2-9 independent experiments. (D) A375 
melanoma cell migration was evaluated by transwell migration assays in the 
presence of exogenous S1P (5µM) or VPC23019 (2µM). Data are expressed as fold-
induction±sem over migration in serum-free medium, and are means of 2 
independent experiments. 
 
Figure 4. Expression of SPHK1 in melanoma cells makes fibroblasts secrete S1P, 
transdifferentiate and produce MMP 
Human skin fibroblasts were incubated 24h with conditioned media either from 
control (vector) or SPHK1-overexpressing COLO829 melanoma cells. (A) Expression 
of SPHK1, S1PR1 and S1PR3 was then evaluated by RT-PCR. Data are expressed 
as fold-change over the levels in fibroblasts incubated with control conditioned 
medium, and represent means of 3 independent experiments. (B) Western blot 
analysis of SPHK1, S1PR1 and S1PR3. Data are representative of 3 independent 
experiments. (C) Secretion of S1P by fibroblasts incubated with conditioned media 
and by control or SPHK1-overexpressing fibroblasts was monitored after [
3
H]-
sphingosine labelling. Data are means±sem of 3 independent experiments. (D) 
Effects of incubation with conditioned media on the expression of α-SMA, vimentin 
and MMPs, as evaluated by Western blot; an anti-ERK was used as control. (E) After 
24h incubation with COLO829-conditioned media, the culture medium from 
fibroblasts was subjected to zymography to evaluate MMP-2 and -9 gelatinase 
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activity. Results are representative of at least 2 experiments. 
 
Figure 5. SPHK1 expression in fibroblasts drives melanoma tumor development 
(A) B16F10 murine melanoma cells (3.105) were injected in the dermis of wild-type 
(WT) (n=28) or Sphk1-/- (n=18) mice. (B) B16F10 cells (1.105) together with WT or 
Sphk1-/- dermal fibroblasts (2.105) were injected in the dermis of WT mice (n=17). 
Alternatively, WT or Sphk1-/- dermal fibroblasts alone (2.105) were injected as 
controls (n=3). (C) After excision, tumors were weighed. Data are expressed as fold-
increase over simple injections (NS, not significant). (D) The percentage of WT mice 
having developed metastases was monitored for each group.  
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Supplemental Materials and Methods 
 
Proliferation assay 
Melanoma cells (4.10
4
) were plated in 24-well plates in medium containing 1% of 
FCS and counted at the indicated time using a Beckman Coulter Z1 particle counter. 
 
Isolation of tumor-associated fibroblasts (TAFs) 
Melanoma tissue samples were rinsed in cold PBS containing 100 U/ml penicillin 
and 100 !g/ml streptomycin. Samples were minced and subjected to overnight 
digestive dissociation using 0.2% collagenase at 37°C. The resultant mixture was 
centrifuged at 200 g for 4 min. Supernatants were passed through 100 !m cell 
strainer (BD Bioscience) before plating. The fibroblast-enriched fraction was cultured 
for up to 3 passages in DMEM containing 10% FCS, 100 U/ml penicillin, 100 !g/ml 
streptomycin and 2 mM L-glutamine at 37°C using a humidified atmosphere and 5% 
CO2. Homogeneity was confirmed by direct microscopic observations, and TAFs 
were characterized for their expression of "-SMA. 
Albinet et al. Supplemental Data 
 Supplemental Figure Legends 
 
Supplemental Figure S1. Expression of SPHK2 and SGPP1 in melanoma cell lines 
(A) SPHK2 and (B) SGPP1 mRNA in human melanoma cell lines were quantified by 
RT-PCR. Data are expressed as fold-change over the levels in adult (NHEM-M2) or 
juvenile (NHEM-B) normal human melanocytes. Data are means±sem of 3 
independent experiments done in duplicate. 
 
Supplemental Figure S2. SPHK1 does not stimulate COLO829 melanoma cell 
proliferation 
COLO829 cells were transfected either with an empty vector or a plasmid encoding 
for SPHK1, and grown for the indicated times in medium containing 1% of FCS. Data 
are expressed as cell counts and are means±sem of 2 independent experiments. 
 
Supplemental Figure S3. Phenotypic features of human tumor-associated 
fibroblasts 
(A) Western blot analysis of "-SMA expression in tumor-associated fibroblasts (TAF) 
as compared to A375 melanoma cells. (B) SPHK1 mRNA level (left) and enzymatic 
activity (right) of TAF as compared to those of normal dermal fibroblasts (DF) from 
two distinct subjects. (C) MMP-9 and (D) MMP-2 mRNA quantified by RT-PCR. Data 
are means±sem of at least 2 independent experiments done in duplicate. 
 
Figure S4. Role of SPHK1/S1P in melanoma-fibroblast interactions 
As compared to normal melanocytes, SPHK1 is upregulated in melanoma cells 
whereas the enzymes responsible for S1P catabolism, S1P phosphatase and S1P 
Albinet et al. Supplemental Data 
lyase, are downregulated. Expression of SPHK1 in melanoma is positively regulated 
by the NRAS/BRAF/MAPK pathway. Co-incubation with melanoma cells or their 
conditioned media leads to increased SPHK1 expression in dermal fibroblasts. This 
is associated with increased expression of fibroblast differentiation markers, such as 
"-SMA, and MMP-2 and -9, and enhanced migration of melanoma cells. Manipulation 
of S1P metabolism in fibroblasts as well as antagonism of S1PR3 influenced 
melanoma cell migration melanoma. This affected the metastatic potential of 
melanoma cells when co-transplanted with dermal fibroblasts into syngenic mice. 
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1. Introduction 
Since the identification in the mid sixties of the enzymatic deficiency underlying Gaucher 
disease, the most prevalent lysosomal storage disease in humans (Brady et al., 1965), a 
number of genetic defects affecting sphingolipid (SL) metabolism have been identified. 
Such inherited disorders are for the vast majority autosomal recessive traits and involve 
the degradation of SLs. However, much more recently genetic disorders of SL 
biosynthesis and trafficking have also been identified. In addition, quite numerous animal 
models harboring a genetic defect in SL metabolism have been described. These include 
both spontaneous and engineered mutant animals of various species. 
This review will focus on genetic defects in mammals (mostly humans and mice) and to 
those that affect the metabolism of simple SLs (i.e., those with a simple substituant at the 
sphingoid base C1, such as hydrogen or phosphate), whose major pathways in 
mammalian cells are depicted in Figure 1. Genetic defects of SL metabolism in yeast 
(Cowart and Obeid, 2007; Dickson, 2008), drosophila (Rao and Acharya, 2008; Kraut, 
2011) and plants (Pata et al., 2010) have recently been reviewed. In addition, review 
articles on the genetic deficiencies of glycosphingolipid metabolism (mostly degradation) 
in humans and mice have recently been published (Sabourdy et al., 2008; Schulze et al., 
2009; Wennekes et al., 2009; Xu et al., 2010). 
Except for one disease, i.e., SPTLC mutations, all these disorders are due to a loss of 
function. In general, two classifications for such genetic defects can be considered. First, 
according to the nature of the metabolic pathway, defects in biosynthesis, catabolism or 
transport can be distinguished. A second classification, based on the nature of the 
metabolic abnormality, will distinguish defects characterized by i) insufficient production 
of one or more SL (for instance, defects in 3-ketosphinganine reductase, ceramide 
synthase or dihydroceramide desaturase), ii) accumulation of one or more undegraded 
SL (for instance, ceramidase deficiency), iii) abnormal trafficking (such as defects in 
CERT and NPC1), and iv) production of an abnormal/toxic metabolite (for example, 
SPTLC mutations). Since for some genetic diseases or conditions presented here the 
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pathogenesis is still unclear, the first mode of classification has been selected. 
 
2. Defects in the biosynthesis of simple sphingolipids 
2.1. Serine-palmitoyltransferases 
Serine-palmitoyltransferase (SPT, [EC 2.3.1.50]) catalyzes the first and rate-limiting step 
in the cellular de novo synthesis of SLs, which is the pyridoxal phosphate-dependent 
condensation of L-serine and palmitoyl-CoA (Figure 1). SPT is a heteromeric enzyme 
composed of the three subunits SPTLC1 (55 kDa), SPTLC2 (65 kDa) and SPTLC3 (63 
kDa). SPTLC1 and SPTLC2 are ubiquitously expressed whereas SPTLC3 shows a more 
tissue-specific distribution with high expression levels in placenta and heart. SPTLC2 and 
SPTLC3 share about 70% homology, including the presence of a pyridoxal phosphate 
binding motif which is absent in SPTLC1. The active SPT complex has a molecular 
weight of 450-480 kDa and was suggested to be an octamer composed of four SPTLC1-
SPTLC2 or SPTLC1-SPTLC3 dimers (Hornemann et al., 2007). However, additional 
putative regulatory components of the SPT complex have been reported recently (Han et 
al., 2009; Breslow et al., 2010). Functional studies revealed that SPTLC2 and SPTLC3 
exhibit differences in respect to their substrate specificity. SPTLC2 primarily metabolizes 
palmitoyl (C16)-CoAs whereas SPTLC3 has a higher activity towards shorter acyl-CoAs, 
such as lauroyl (C12)- and myristoyl (C14)-CoA.  
SPT is essential for development, since homozygosity for SPT deficiency in mice is 
embryonically lethal. Heterozygous Sptlc1 and Sptlc2 knockout mice are viable and show 
a reduced in vitro SPT activity but no reduction in plasma sphingomyelin (SM), total 
cholesterol, phospholipids or liver SM levels (Hojjati et al., 2005). However, Sptlc1+/- 
mice show a reduced intestinal cholesterol absorption (Li, Park, et al., 2009) whereas 
Sptlc2+/- mice have increased insulin sensitivity (Li et al., 2011). Liver-specific Sptlc2-/- 
mice show decreased plasma SM levels and increased hepatic apoE secretion (Li, Li, et 
al., 2009). 
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Various missense mutations in the human SPTLC1 and SPTLC2 genes are causing the 
hereditary sensory and autonomic neuropathy type 1 (HSAN1, OMIM#162400) (Bejaoui 
et al., 2001; Dawkins et al., 2001; Verhoeven et al., 2004) (see Table 1). Thus far, no 
mutation in the SPTLC3 subunit has been associated with HSAN1 (Rotthier et al., 2010). 
HSAN1 is a rare, autosomal and dominant inherited axonal neuropathy with a 
progressive loss of pain and temperature sensation. Sense for vibration and joint position 
is preserved. First symptoms start usually in the lower limbs and then progress further to 
the upper extremities (Houlden et al., 2006). There are frequent positive sensory 
symptoms of severe shooting or burning pain in the limbs and an early but transient 
period of allodynia in some patients. Due to profound sensory impairments, many 
affected individuals develop neuropathic ulcers and Charcot joints requiring amputation. 
This distinguishes HSAN1 from other dominantly inherited sensory neuropathies such as 
Charcot-Marie-Tooth type 2. There is also prominent and often early motor involvement 
in most patients. Autopsy reports from HSAN1 patients show pronounced degeneration 
of dorsal root ganglion cells with depletion of myelinated axons in peripheral nerves. Loss 
of unmyelinated axons is present, but reported to be less severe (Denny-Brown, 1951; 
Reimann et al., 1958; Houlden et al., 2006; Lindahl et al., 2006). To date, six mutations in 
the SPTLC1 (C133W, C133Y, C133R, V144D, S331F and A352V) and four mutations in 
the SPTLC2 (V359M, G382V, T409M and I505F) genes were convincingly associated 
with HSAN1. However, not all reported SPT mutations are causing the disease. The 
G387A mutation (Verhoeven et al., 2004) appears to be a benign variant not associated 
with HSAN1 (Hornemann et al., 2009). 
In vitro enzyme activity of the mutant SPT is generally reduced. This was shown in 
various mutant overexpressing cell lines including transformed lymphocytes from HSAN1 
patients (Bejaoui et al., 2002; Gable et al., 2002; Dedov et al., 2004). However, total SL 
levels were not altered in plasma of HSAN1 patients indicating that haplo-insufficiency is 
not at the base of HSAN1. This was further confirmed in a transgenic mouse model for 
HSAN1. Mice expressing the SPTLC1C133W mutation develop an age-dependent 
peripheral neuropathy with motor and sensory impairments. Although in vitro SPT activity 
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is reduced in these mice, the total plasma SL levels are not decreased (McCampbell et 
al., 2005). A reduced in vitro SPT activity is also seen in heterozygous Sptlc1 and Sptlc2 
knockout mice which do not develop neuropathic symptoms (Hojjati et al., 2005), 
indicating that HSAN1 is not directly caused by haplo-insufficiency. Therefore, the 
reduction in SPT activity is not a sufficient explanation for the pathogenesis of HSAN1. 
In this context, it was shown recently that SPT does not strictly depend on serine as a 
substrate but can also metabolize alanine and glycine to a certain extent (Zitomer et al., 
2009). This leads to the formation of a novel class of 1-deoxysphingolipids (1-deoxySLs). 
The use of alanine and glycine instead of serine results in the formation of the two 
atypical sphingoid bases 1-deoxy-sphinganine (1-deoxySa) and 1-deoxymethyl-
sphinganine (1-deoxymetSa), respectively. Both products lack the C1 hydroxyl group of 
regular sphingoid bases and hence cannot be converted into complex SLs (e.g., 
phospho- and glycosphingolipids) nor degraded by the classical pathway which requires 
the formation of sphingosine 1-phosphate as a catabolic intermediate (Menaldino et al., 
2003). The promiscuous activity of SPT is greatly increased in case of the HSAN1 
mutants resulting in highly elevated 1-deoxySL levels (Penno et al., 2010). This was 
demonstrated not only in HSAN1 mutant overexpressing HEK293 cells, but also in 
transformed lymphocytes and plasma from HSAN1 patients. Significantly elevated 1-
deoxySL levels were also seen in plasma and tissues of the SPTLC1C133W transgenic 
mice (Eichler et al., 2009). In contrast, double transgenic mice which concomitantly 
overexpressed the SPTLC1C133W mutant in conjunction with the wild type SPTLC1 
showed only marginally elevated 1-deoxySL levels and did not develop neurological 
symptoms (Eichler et al., 2009). Highly elevated 1-deoxySL levels were primarily 
detected in the sciatic nerves of HSAN1 mice, but not in the CNS or spinal cord. This fully 
corresponds to the pattern of pathology in HSAN1 patients who do not exhibit any mental 
impairment. Moderately elevated 1-deoxySL levels were also found in testes and to a 
lower extent in liver of these transgenic mice. The 1-deoxySL levels in testes correlated 
with a low sperm count and a significantly reduced fertility in the transgenic mice (Eichler 
et al., 2009). The neurotoxicity of 1-deoxySLs was confirmed in vitro on cultured dorsal 
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root ganglion neurons which showed a dose-dependent reduction of neurite length, 
number and branching in the presence of 1-deoxy-sphingoid bases. This neurotoxic 
effect was more pronounced for 1-deoxySa than for 1-deoxymetSa (Penno et al., 2010). 
Interestingly, the formation of 1-deoxy-sphingoid bases could be specifically modulated 
by the presence of certain amino acids. The addition of alanine or glycine to the culture 
medium of SPTLC1C133W mutant HEK293 cells led to a significant increase of 1-deoxySa 
and 1-deoxymetSa formation whereas the addition of D-amino acids like D-alanine and 
D-serine markedly decreased 1-deoxySL formation. In particular, the addition of the 
canonical substrate L-serine led to a significantly suppressed formation of 1-deoxySLs, 
whereas in parallel the formation of sphinganine was stimulated (Garofalo et al., 2011). 
Thus, L-serine showed a corrective effect on both HSAN1 phenotypes - the reduced 
sphinganine generation and the increased formation of neurotoxic 1-deoxySLs. 
The benefit of L-serine supplementation was further explored in the HSAN1 mouse 
model. Mice receiving an L-serine-enriched diet (10% w/w) showed a significant 
decrease of plasma 1-deoxySL levels within 4-5 days, and these levels remained low 
over the whole feeding period. As a consequence, L-serine-fed HSAN1 mice did not 
develop neurological symptoms whereas age-matched, but normally fed SPTLC1C133W 
mice developed severe neuronal deficits after 6-9 months. In contrast, supplementation 
with L-alanine (10% w/w) led to significantly increased 1-deoxySL plasma levels allied 
with the development of severe neurological deficits in the mice already at an age of 2-3 
months. 
The beneficial effect of oral L-serine supplementation was furthermore confirmed in a 10-
week pilot study with HSAN1 patients. Probands received a total dose of 200 or 400 mg 
L-serine/kg/day divided in three portions. In both groups, L-serine supplementation 
resulted in a significant reduction of plasma 1-deoxySL levels reaching normal levels 
after 5-6 weeks (Garofalo et al., 2011). After termination of the 10-week trial, 1-deoxySL 
plasma levels started to increase. Improvement in neurological symptoms was not 
examined and also not expected within the short time frame of this study. However, some 
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patients reported an increase in sensation (hand tingling, increased menstrual cramps), 
improvements in skin robustness and wound healing, as well as faster nail and body hair 
growth. Based on these results, a simple and inexpensive oral L-serine supplementation 
might be a perspective for a future therapy in HSAN1. 
 
2.2. Ketosphinganine reductase 
Only one condition has been described that leads to markedly reduced activity of the 3-
ketosphinganine reductase, which is characterized by a point mutation discovered in 
cattle, believed to cause autosomal recessive neurodegenerative disease spinal 
muscular atrophy (Krebs et al., 2007). Whereas SL levels have not been determined in 
the tissues of the affected calves, this observation would emphasize the vulnerability of 
(bovine) neuronal cells to either the substrate or products of 3-ketosphinganine 
reductase. Nevertheless, a subsequent study indicated that mutations in the 3-
ketosphinganine reductase do not appear to account for spinal muscular atrophy in 
humans (Parkinson et al., 2008). 
 
2.3. Ceramide synthases 
So far, six mammalian genes encoding bona fide ceramide synthases have been 
characterized (Levy and Futerman, 2010). While no human disease has been reported so 
far to be caused by mutations in the CERS genes, spontaneous or engineered defects in 
the corresponding mouse genes have been recently described (Table 1). In line with the 
predominant expression of Cers1 in brain, mutations in the Cers1 coding region result in 
an ataxic phenotype in mice. On the other hand, disruption of Cers2 leads both to a 
hepatopathy that partially resembles that induced by fumonisin B1, a fungal inhibitor of 
ceramide synthase, and an encephalopathy (see Table 1).  
In these mouse models, the lipid molecules acting as a culprit in the disease 
pathogenesis remain to be identified. Nevertheless, studies of these defects have led to 
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the following conclusions. First, there is no metabolic redundancy between Cers1 or 
Cers2 and other ceramide synthases; at best, the decreased content of some ceramide 
species due to a defective synthase isoform is compensated by an elevation of other 
ceramide species. These observations also corroborate the previously reported substrate 
specificity of this family of enzymes. Second, Cers1 and Cers2 play key distinct tissue-
specific functions that are likely ascribed to specific (or very restricted) molecular 
ceramide species in a given cell type or organ. Third, the substrate (chiefly, sphinganine) 
and/or lipid products of Cers1 and Cers2 play critical roles in liver and brain disease 
development. Whether similar conclusions hold true in other mammals and whether 
comparable diseases in humans are caused by CERS defects is still unknown. 
 
2.4. Dihydroceramide desaturase 
Two genes in mammals (DEGS1 and DEGS2) are involved in the introduction of a double 
bond in the sphingoid moiety to produce ceramides. So far, only ablation of the Degs1 
gene in mice has been described (Holland et al., 2007). Rather simple analyses of SL 
levels in different organs of this animal model indicated that the Degs1 gene product 
plays a major role in desaturing dihydroceramide. While homozygous null mice display a 
complex phenotype that deserves further attention, heterozygous animals were refractory 
to glucocorticoid-induced insulin resistance, which led the authors to conclude about the 
critical function of ceramide in glucose homeostasis and the development of insulin 
resistance. 
 
3. Defects in the degradation of simple sphingolipids 
3.1. Ceramidases 
Ceramidases (CDases) are the enzymes that catalyze the hydrolysis of ceramides to 
form sphingosine and free fatty acids. According to their pH optima of activity, they have 
been classified into acid, neutral and alkaline forms. Five human CDases encoded by five 
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distinct genes have been identified: an acid CDase (ASAH1), a neutral CDase (ASAH2), 
and three alkaline CDases (ACER1/ASAH3, ACER2/ASAH3L and ACER3/APHC) (Mao 
and Obeid, 2008).  
Acid CDase is a ubiquitous lysosomal enzyme whose genetic deficiency causes Farber 
disease (FD, OMIM#228000), also called lipogranulomatosis (Levade et al., 2009). FD is 
a rare inherited lipid storage disorder characterized by accumulation of ceramide in cells 
and tissues of patients. Clinically, FD patients show deformed and painful joints, 
subcutaneous granulomas, hoarseness due to laryngeal involvement, and premature cell 
death (see Table 2). Also, patients may present hepatosplenomegaly and nervous 
system dysfunction (Levade et al., 2009). Currently, besides palliative care, there is no 
treatment for FD. Bone marrow or hematopoietic stem cell transplantations have been 
performed in a few trials in patients without neurological involvement. As a result, only 
partial resolution of the peripheral symptoms has occurred (Vormoor et al., 2004; Ehlert 
et al., 2006). Recently, a preclinical gene therapy study for FD has been carried out 
employing a lentiviral vector coding for acid CDase (Walia et al., 2011). This vector was 
used for transduction and transplantation of primary hematopoietic cells in three 
enzymatically normal non-human primates. An increase of acid CDase activity and a 
reduction of ceramide levels in peripheral blood and bone marrow cells, spleen and liver 
throughout a one-year study period were observed, without compromising the health 
status of the animals. This therapeutic approach appears as a promising strategy for the 
treatment of FD and other monogenic defects in future clinical gene therapy trials.  
Li et al. have disrupted the mouse gene Asah1 in embryonic stem cells by insertional 
mutagenesis to investigate the role of acid CDase in mammalian development (Li et al., 
2002; Eliyahu et al., 2007). Homozygosity for Asah1 disruption resulted in very early 
embryonic lethality suggesting that acid CDase activity is essential for embryo 
development. The heterozygous Asah1+/- mice survived, but quite intriguingly showed 
evidence of a progressive lipid storage disease in their organs.  
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Neutral CDase, encoded by the ASAH2 gene, is highly expressed in the small intestine 
along the brush border, where it is involved in the catabolism of dietary SLs. Kono et al. 
generated neutral CDase-null mice that were viable, healthy and fertile, with no apparent 
gross abnormalities (Kono et al., 2006). This was possibly due to the control of ceramide 
levels by other CDases, such as the acid or alkaline forms. However, increased 
concentrations of C16-ceramide were observed in intestine and feces, suggesting that 
neutral CDase is important for the digestion of dietary ceramides. In contrast, Yoshimura 
et al. (Yoshimura et al., 2004) observed that the knockdown of nCDase in zebrafish 
increased the number of subjects with severe morphological and cellular abnormalities. 
This indicated that in zebrafish and possibly other vertebrates, neutral CDase is essential 
for early development (Yoshimura et al., 2004). 
With respect to the alkaline CDases, no genetic deficiency or knockout studies in animals 
have been reported to date. 
 
3.2. Sphingosine kinases 
Sphingosine kinases (SK) catalyze the synthesis of sphingosine 1-phosphate (S1P) via 
the phosphorylation of sphingoid bases. Two isoforms of mammalian SKs (termed 1 and 
2), encoded by SPHK1 and SPHK2 genes, have been cloned and characterized 
(Kohama et al., 1998; Liu et al., 2000). SK1 localizes predominantly in the cytoplasm but 
upon stimulation can relocate to the inner leaflet of the plasma membrane. Interestingly, 
in endothelial cells SK1 is secreted and able to produce S1P extracellularly (Ancellin et 
al., 2002). Although SK1 and SK2 are expressed in numerous tissues, they show a 
distinct tissue distribution and developmental expression pattern (Liu et al., 2000; Fukuda 
et al., 2003). Indeed, while SK1 is predominantly expressed in lung, spleen and thymus, 
SK2 is highly expressed in liver, heart and kidney. In order to better understand the role 
of SK in mammalian development, deficient mouse models have been generated and 
characterized. Homozygosity for disruption of a single SK isoform leads to viable mice 
that are fertile and display no obvious dysfunctions (Allende et al., 2004). Interestingly, 
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Sphk1-/- mice have reduced S1P levels in serum but not in tissues. Otherwise, S1P 
levels in Sphk2-/- mice differ depending on the model described. Whereas one model, 
produced on a 129/Sv x C57BL/6 mixed background, exhibited a 25% reduction of 
plasma S1P levels (Kharel et al., 2005), another on Balb/c mice did not show a decrease 
but rather an increase as compared to wild-type animals (Zemann et al., 2006). In sharp 
contrast, Sphk1-/- Sphk2-/- double knockout mice, which exhibit strongly reduced levels 
of S1P, die at E13.5 due to severe defects in neurogenesis and angiogenesis (Mizugishi 
et al., 2007). However, the conditional Sphk1-/- Sphk2-/- double knockout mouse model 
generated by Pappu et al. (in which SK expression is abolished at postnatal day 5 in 
hematopoietic and endothelial cells) was viable and showed that plasma S1P is mainly 
hematopoietic in origin. 
Up to now, no mutation in the SPHK genes has been described in human disease. 
Nevertheless, SK and S1P are viewed as critical players in several pathological states, 
such as anaphylaxis, inflammation, cancer, diabetes or atherosclerosis (Fyrst and Saba, 
2010).  
 
3.3. Sphingosine 1-phosphate lyase  
S1P lyase (SPL) is a pyridoxal 5'-phosphate-dependent aldehyde-lyase that irreversibly 
degrades S1P to phosphoethanolamine and hexadecenal in the final step of SL 
catabolism (Bandhuvula and Saba, 2007). By regulating intracellular S1P levels, SPL 
participates to the so-called "sphingolipid rheostat" and has the ability to shift the balance 
towards cell death. While no mutation of the SGPL1 gene has been reported so far to 
cause human disease, its expression appears to be altered in some cancers; SPL also 
plays a critical role in regulating immune functions. Indeed, SPL expression and activity 
were found to be downregulated in human colon cancer tissues and in adenomatous 
lesions of the APCMin/+ mouse model of intestinal tumorigenesis compared to normal 
adjacent tissues (Oskouian et al., 2006). SPL expression has also been shown to be 
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downregulated in human melanoma cell lines compared to normal melanocytes (Colié et 
al., 2009). 
To further investigate the role of SPL in development, knockout and humanized mouse 
models have been recently created. Homozygous Sgpl1 knockout mice die within 8 
weeks after birth and exhibit significant growth failure, vascular abnormalities, anemia, 
skeletal defects, and renal abnormalities (Schmahl et al., 2007). Beyond the reduced 
lifespan, SPL-deficient mice also display lesions in lungs, heart, urinary tract and bone, 
and develop myeloid cell hyperplasia. Lymphopenia due to alterations in lymphocyte 
development and egress from the thymus and secondary lymphoid organs has also been 
reported (Vogel et al., 2009). This phenotype is reminiscent of that caused by FTY720 
(Mandala et al., 2002); in addition, the apoptosis observed in thymus might be mediated 
by increased levels of ceramide in this tissue (Weber et al., 2009). The humanized knock-
in mice generated by the insertion of the human SGPL1 cDNA in the Sgpl1 null 
background resulted in SPL expression at 10–20% of normal mouse SPL levels, yet 
failed to restore normal T-cell development and trafficking (Vogel et al., 2009). In 
summary, these animal models indicate that the absence of SPL leads to significant 
developmental and functional defects. However, whether SGPL1 mutations are 
compatible with life and/or are responsible for human disease remains to be determined.  
4. Defects in transport or trafficking of simple sphingolipids 
4.1. Ceramide transporter (CERT) 
CERT is a cytosolic protein that mediates the ATP-dependent ER-to-Golgi transfer of 
ceramide in a non-vesicular manner. Human CERT is encoded by the COL4A3BP gene 
which was initially isolated in 1999 as the gene for Goodpasture antigen-Binding Protein 
(GPBP) (Raya et al., 1999). Goodpasture’s syndrome is a strictly human disorder caused 
by antibodies directed against the non-collagenous domain of the 3-chain of type IV 
collagen. In 2003, Hanada and coworkers showed that a spliced variant of GPBP which 
lacks a serine-rich domain composed of 26 amino acids was responsible for the cytosolic 
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trafficking of ceramide from the ER to the Golgi apparatus (Hanada et al., 2003). GPBPs 
are phylogenetically highly conserved during evolution between lower vertebrates and 
mammals at the amino acid level.  
CERT was identified in the Chinese Hamster Ovary LY-A cell line that displays a severe 
defect in the synthesis of sphingomyelin (SM). Its reduced level of SM makes this cell line 
resistant to lysenin, a cytolytic toxin derived from the earthworm Eisenia foetida (Hanada 
et al., 2003). CERT is a hydrophilic 68 kDa protein which contains three domains : 
a) the amino terminal region (≈120 aa) forms a pleckstrin homology domain which 
specifically binds to phosphatidylinositol 4-phosphate, mainly distributed to the Golgi 
apparatus. In the mutant LY-A cell line, the PH-domain of CERT has one point mutation, 
G67E, which destroys the phosphoinositide-binding activity, resulting in an impaired ER-
to-Golgi ceramide transport (Levine and Munro, 2002; Hanada et al., 2003). 
b) the middle region (≈250 aa) contains a FFAT (two phenylalanine residues in an acidic 
tract) motif which interacts with vesicule associated-ER proteins (VAPs A and B) and 
targets CERT to ER membranes (Kawano et al., 2006). 
c) the carboxy terminal region (≈230 aa) is a START (steroidogenic acute regulatory 
protein-related protein transfer) domain which forms a deep lipid-binding pocket that 
could extract ceramide from membranes and transfer the bound ceramide to other 
membranes (Kumagai et al., 2005). 
Gene disruption of the corresponding CERT in mice resulted in death around embryonic 
day 11.5. Cells of the mutant embryos (analysed at E10.5) showed a 60% reduction in 
the total SM content and a 2-fold increase in the ceramide content of the ER as 
compared to wild-type controls, leading to an abnormal dilation of the ER and 
degenerating mitochondria, probably affecting organogenesis (Wang et al., 2009). 
Whether mutations in the COL4A3BP gene cause developmental (or other) defects in 
humans has never been reported. 
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4.2. Niemann-Pick C1 (NPC1) 
NPC1 is a 13 trans-membrane domains glycoprotein mainly residing in late endosomes 
(Higgins et al., 1999; Davies and Ioannou, 2000). The gene (NPC1) that encodes this 
protein is located on chromosome 18q11-q12 (Greer et al., 1997). The exact role of 
NPC1 is still unclear but mutations in NPC1 are responsible for a genetic disorder called 
Niemann-Pick disease type C (MIM #257220) (Carstea et al., 1997). About 5% of 
patients affected with this disease carry mutations in the NPC2 gene, encoding a soluble 
lysosomal protein. Niemann-Pick type C is an autosomal recessive lysosomal storage 
disorder characterized by the accumulation of a large variety of lipids in late endosomes 
and lysosomes (Table 3). While unesterified cholesterol and SM accumulate in peripheral 
tissues, brain storage is dominated by GM2 and GM3 gangliosides. Niemann-Pick type C 
is a neurovisceral disease of variable severity (for a review, see (Vanier, 2010) and 
(Patterson et al., 2009)). Disease onset (as well as death) can range from the neonatal 
period to adult age. Progressive neurological impairment occurs in all patients, and may 
manifest as cerebellar ataxia, dysarthria, dysphagia and/or dementia. Visceral 
involvement, mainly splenomegaly and hepatomegaly or, more rarely, neonatal 
cholestasis and respiratory distress, always precedes the neurological disease, but may 
be absent in some patients. 
Two murine, one feline and one canine spontaneous models of Niemann-Pick type C 
have been reported (Morris et al., 1977; Miyawaki et al., 1982; Lowenthal et al., 1990; 
Kuwamura et al., 1993), showing clinical and pathological features quite similar to those 
in humans. Experimental analyses based on both human samples and animal models led 
to the conclusion that a key function of NPC1 is the transport of unesterified cholesterol 
out of the acidic compartments (Liscum and Faust, 1989; Infante et al., 2008; Kwon et al., 
2009). The exact role of NPC1, however, in the metabolism or trafficking of SLs is still 
unsolved. Nonetheless, its involvement in the transport of sphingosine has recently been 
postulated (Lloyd-Evans et al., 2008). Sphingosine is the final product of SL catabolism 
and is known as a bioactive lipid with pro-apoptotic properties. Previous work showed a 
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marked increase in the levels of sphingosine in Niemann-Pick type C tissues (Goldin et 
al., 1992; Rodriguez-Lafrasse et al., 1994). It has recently been proposed that 
sphingosine might be the first lipid accumulating in late endosomes/lysosomes of 
Niemann-Pick type C cells. This storage would affect the late endosome/lysosome 
calcium homeostasis, inducing a global defect in vesicular trafficking and the secondary 
accumulation, in late endosomes, of cholesterol and SLs (Lloyd-Evans et al., 2008). 
Niemann-Pick type C can thus be viewed as a genetic disorder of sphingosine 
metabolism where NPC1 could play the role of the sphingosine transporter. 
Nevertheless, this view has recently been challenged by a work which showed no 
specific sequestration of lysosomal sphingosine in NPC1-deficient cells (Blom et al., 
2012). While there is currently no effective therapy for this disorder, promising results 
have been obtained in affected mice and cats using the cholesterol chelators 
cyclodextrins (Davidson et al., 2009; Liu et al., 2009; Ward et al., 2010). 
 
5. Concluding remarks 
A number of alterations in the genes encoding proteins that control the metabolism of 
simple SLs have already been identified or created. The cell lines derived from the 
human patients or animals bearing these defects, as well as the corresponding mutant 
mice, represent unique models for the study of SL metabolism and functions. Analysis of 
the metabolic and functional consequences of these genetic defects has already 
produced invaluable insights into the physiological role of SLs. Nevertheless, not only 
further gene products which remain very poorly studied (such as ketosphinganine 
reductase, dihydroceramide desaturases, or S1P phosphatases) need to be 
characterized but also more refinements in manipulation of gene expression can be 
introduced to generate animal models that help dissect the functions of SLs and, 
perhaps, replicate reliably various human pathological conditions. 
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Tables  
 
Table 1: Mammalian genetic defects of simple sphingolipid biosynthesis. 
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Table 2: Mammalian genetic defects of simple sphingolipid catabolism. 
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Figure legend 
 
Figure 1: Schematic view of the subcellular compartmentalization of sphingolipid 
metabolism. Abbreviations: CDase, ceramidase ; aCDase, acid CDase ; nCDase, neutral 
CDase ; Cer, ceramide ; CerS, ceramide synthase ; Des, desaturase ; DHCer, 
dihydroceramide ; EtP, ethanolamine phosphate ; FA, fatty acid ; GlcCer, 
glucosylceramide ; GSL, glycosphingolipid ; Hal, hexadecenal ; KS, ketosphinganine ; 
KSR, KS reductase ; Sa, sphinganine ; Ser, L-serine ; SK, sphingosine kinase ; SM, 
sphingomyelin ; SMase, sphingomyelinase ; aSMase, acid SMase ; SMS, SM synthase ; 
So, sphingosine ; SPL, S1P lyase ; SPT, serine-palmitoyltransferase ; S1P, sphingosine 
1-phosphate. 
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1INSERM U858; 2Université Paul Sabatier Toulouse III, Institut de Médecine Moléculaire de Rangueil; 3Laboratoire de Biochimie
Métabolique, CHU Toulouse, Toulouse, France; 4LIPIT, Katholieke Universiteit Leuven, Leuven, Belgium; and
5INSERM U756, Chatenay-Malabry, France
Abstract
Sphingosine 1-phosphate (S1P) is a bioactive sphingolipid me-
tabolite involved in cancer development through stimulation
of cell survival, proliferation, migration, and angiogenesis. Ir-
reversible degradation of S1P is catalyzed by S1P lyase (SPL).
The human SGPL1 gene that encodes SPL maps to a region
often mutated in cancers. To investigate the effect of SPL de-
ficiency on cell survival and transformation, the susceptibility
to anticancer drugs of fibroblasts generated from SPL-
deficient mouse embryos (Sgpl1−/−) was compared with that
of cells from heterozygous (Sgpl1+/−) or wild-type (Sgpl1+/+)
embryos. First, loss of SPL caused resistance to the toxic
effects of etoposide and doxorubicin. Interestingly, heterozy-
gosity for the Sgpl1 gene resulted in partial resistance to apo-
ptosis. Secondly, doxorubicin-induced apoptotic signaling
was strongly inhibited in Sgpl1−/− cells (phosphatidylserine ex-
ternalization, caspase activation, and cytochrome c release).
This was accompanied by a strong increase in Bcl-2 and Bcl-
xL protein content. Whereas correction of SPL deficiency in
Sgpl1−/− cells led to downregulation of antiapoptotic proteins,
Bcl-2 and Bcl-xL small interfering RNA–mediated knockdown
in SPL-deficient cells resulted in increased sensitivity to doxo-
rubicin, suggesting that Bcl-2 upregulation mediates SPL pro-
tective effects. Moreover, SPL deficiency led to increased cell
proliferation, anchorage-independent cell growth, and forma-
tion of tumors in nude mice. Finally, transcriptomic studies
showed that SPL expression is downregulated in human mel-
anoma cell lines. Thus, by affecting S1P metabolism and the
expression of Bcl-2 members, the loss of SPL enhances cell re-
sistance to anticancer regimens and results in an increased
ability of cells to acquire a transformed phenotype and be-
come malignant. [Cancer Res 2009;69(24):9346–53]
Introduction
Sphingolipids are essential ubiquitous constituents of mem-
branes and, notably, microdomains (1). However, like mediators
derived from glycerophospholipids, sphingolipids are a source of
an important family of bioactive signaling molecules that regulate
numerous physiologic and pathologic processes (2). The impor-
tance of sphingolipids in human health and disease is illustrated
by the dramatic consequences of inherited disruption of their nor-
mal metabolism (3) and also by their involvement as bioeffector
molecules in cancer and hematologic malignancies (4–6). The best
characterized sphingolipid mediators are ceramide and sphingo-
sine 1-phosphate (S1P): whereas ceramide generally transduces
antiproliferative responses, the lysolipid S1P has crucial roles in
cell survival, cell migration, and angiogenesis and as well as im-
mune responses (7).
S1P exerts its effects either through autocrine and paracrine ac-
tions as a ligand for a family of specific G protein–coupled recep-
tors (S1P1-5) as well as by intracellular functions as a second
messenger involved in the control of cell growth and death signal-
ing pathways (8, 9). Both intracellular and circulating levels of S1P
depend on the activity of some membrane transporters and of
three classes of enzymes that control its metabolism. Whereas
sphingosine kinases 1 (SK1) and 2 produce S1P by phosphorylating
sphingosine, two S1P phosphatases dephosphorylate S1P to gener-
ate sphingosine, and S1P lyase (SPL) irreversibly degrades S1P to
phosphoethanolamine and 2-trans hexadecenal (10). The critical
role played by S1P as a “tumor-promoting” agent has been mostly
evidenced through manipulation of the expression and biological
activity of SK1. Indeed, SK1 is overexpressed in multiple types of
cancers and upregulation of SK1 has been associated with tumor
angiogenesis and resistance to radiation and chemotherapy. Con-
versely, pharmacologic or genetic inhibition of SK1 activity in vitro
on different cultured tumor cell models and in vivo on transplanted
animals has been shown to enhance drug-induced lethality (11, 12).
Furthermore, S1P-generating enzyme SK1 acts as an oncogene
because NIH3T3 fibroblasts overexpressing SK1 acquired a trans-
formed phenotype and the capability to form tumors in nude
mice (13).
Of the enzymes involved in determining S1P abundance, SPL re-
presents an undeniable candidate as potential regulator of cell's
fate in response to stress (14). SPL is a microsomal pyridoxal 5′-
phosphate–dependent aldehyde-lyase that catalyzes the irrevers-
ible cleavage of S1P in the final step of sphingolipid catabolism
(15, 16). In mammalian cells, overexpression of SPL was shown
to sensitize cells to apoptotic stress such as serum deprivation
and chemotherapy (17–19). SPL-induced apoptosis requires its en-
zyme activity and can be blocked by addition of exogenous S1P
(17). In contrast, products of the lyase reaction had no effect on
apoptosis. The cytotoxic effect of SPL appears to be dependent
on the activation of proapoptotic signaling pathways involving
Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
Requests for reprints: Nathalie Andrieu-Abadie, INSERM U858, BP84225, 31432
Toulouse cedex 4, France. Phone: 33-561-32-35-31; Fax: 33-561-32-20-84; E-mail:
nathalie.andrieu@inserm.fr.
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p38 mitogen-activated protein kinase, p53, caspase-2, and caspase-3
(19). However, whereas SK1 overexpression was associated with
upregulation of the antiapoptotic protein Bcl-2 (20, 21), the con-
nection between SPL with Bcl-2 family members has never been
investigated.
Interestingly, the SGPL1 gene, which encodes SPL, has been re-
ported to be significantly downregulated in human colon cancer
tissues compared with normal tissues (22). Moreover, the human
SGPL1 gene maps to chromosomal region 10q21 (23), which is de-
leted or mutated in many human tumor types (24–26). Altogether,
these observations suggest that loss of SPL expression might po-
tentiate cancer cell proliferation and contribute to tumorigenesis;
this, however, remains to be demonstrated.
Here, we report that the lack of SPL leads to upregulation of the
antiapoptotic proteins Bcl-2 and Bcl-xL and consequently protects
against apoptosis induced by chemotherapeutic agents but not au-
tophagy. Moreover, SPL-deficient cells isolated from Sgpl1−/−
mouse embryos showed an increase in cell growth rate in culture,
colony formation in soft agar, and tumor progression in nude mice
compared with cells isolated from wild-type embryos. Collectively,
this study suggests that SPL behaves as a tumor suppressor and
may represent a novel target for therapeutic intervention in cancer.
Materials and Methods
Cell culture and genotyping. Sgpl1+/− mice were generated from
OST58278 (27) gene-trapped ES cells, bought from OmniBank, by Lexicon
Genetics on a fee basis, and inbred into a C57BL/6 background as reported
(28).6 Heterozygous mice were mated and murine embryonic fibroblasts
(MEF) were prepared at embryonic day 16 from the skin of wild-type
(Sgpl1+/+), SPL heterozygous (Sgpl1+/−), and SPL-deficient (Sgpl1−/−) embry-
os. By dilution culturing, spontaneously immortalized MEFs were obtained.
Cells were grown in DMEM containing 10% FCS (Invitrogen) at 37°C in 5%
CO2 humidified incubators. Total genomic DNA was extracted and quanti-
fied using the Nanodrop ND-1000. Fragments derived from the β-geo and
Sgpl1 sequences were amplified by duplex PCR using the following primers:
Gal-2s 5′-CgAATACCTgTTCCgTCATAgC, Gal-2r 5′-ACCACTACCATCAT-
CAATCCggTAg, MmSPL-Trap-s 5′-TgATAgggCTgAAAACCACTg, and
MmSPL-Trap-r 5′-TCAgAAgCAAAACTgCCTTg. Amplification was carried
out for 35 cycles using an annealing temperature of 60°C. DNA fragments
were analyzed by electrophoresis on a 1.5% agarose gel.
Vectors and cell transfections. The cDNA encoding mSPL (29) was
amplified by PCR using Phusion polymerase (Finnzymes) and oligonucleo-
tides matching the first and last bases, respectively, of the Sgpl1 sequence
and containing AflII and XhoI restriction sites. The amplification product
was cloned in the pcDNA5/TO vector (Invitrogen) and its sequence was
verified. Then, SPL-deficient cells were transfected with the pcDNA5TO-
mSPL vector using Lipofectamine 2000 (Invitrogen).
Transient interference was achieved by a pool of four small interfering
RNAs (siRNA) specific for SPL, Bcl-2, or Bcl-xL (ON-TARGETplus SMART-
pool; Dharmacon) or aleatory sequence scrambled siRNA. siRNA targeting
SPL or Bcl-2 and Bcl-xL were transfected into wild-type or Sgpl1−/− MEFs,
respectively, grown to 70% to 90% confluence using Lipofectamine 2000.
After 48 h of transfection, doxorubicin was added to the medium and in-
cubated for 24 h before evaluation of cell viability.
Cell viability, flow cytometry, and morphologic analyses. For cyto-
toxicity assays, cells were seeded in flat-bottomed 24-well plates (4 × 105 per
well). After 24 h, the medium was replaced with fresh medium containing 5%
FCS and etoposide or doxorubicin, and cells were incubated at 37°C for dif-
ferent times. Cell viability was assessed using the MTT assay (Euromedex).
Phosphatidylserine externalization was evaluated by flow cytometry
after labeling with Annexin V-FITC (250 ng/mL) and propidium iodide
(12.5 μg/mL; AbCys) using a FACScan (BD Biosciences) cytometer.6 P.P. Van Veldhoven, in preparation.
Figure 1. Disruption of S1P catabolism in SPL-deficient
mouse embryonic fibroblasts. A, schematic view of Sgpl1
gene trap and genotype of wild-type (+/+), heterozygous
(+/-), and SPL-deficient (-/-) cells. Genomic DNA was
extracted and amplified using one set of primers for
wild-type mSPL (499-bp PCR product) and another set of
primers for lacZ (667-bp PCR product). B, Western blot
analysis of mSPL expression in wild-type, heterozygous,
and SPL-deficient MEFs. C, SPL enzyme activity in
MEFs. Mean ± SE of three independent experiments.
D, intracellular concentration of S1P in wild-type and
SPL-deficient MEFs as determined by the conversion of
[3H]sphingosine to [3H]S1P. Levels of radiolabeled S1P are
expressed as mean ± SE of three independent
experiments done in duplicate.
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For analysis of cytochrome c release, cells seeded on glass coverslips at
2 × 104/mL were incubated with doxorubicin, fixed with formaldehyde (4%),
washed with PBS, permeabilized with Triton X-100 (0.1%), and stained with
a monoclonal anti–cytochrome c antibody (BD Pharmingen) and a second-
ary Alexa 488–labeled antibody (Molecular Probes/Invitrogen).
DEVD cleavage enzyme assay. Cell lysates were incubated for 30 min
with Ac-Asp-Glu-Val-Asp-aminomethylcoumarin (Alexis). The amount of
the released fluorescent product was determined fluorometrically at 351
and 430 nm for the excitation and emission wavelengths, respectively. Pro-
tein concentrations were determined according to the Bradford method.
Western blot analyses. Equal amounts of proteins were electrophor-
esed on a 10% to 15% SDS-polyacrylamide gel, transferred to a nitrocellu-
lose membrane (Perkin-Elmer), and blotted with monoclonal anti–caspase-3,
anti–caspase-9, anti–Bcl-xL, polyclonal anti–caspase-7, anti-Bid or polyclonal
anti–poly(ADP-ribose) polymerase, and anti–β-actin antibodies (Cell Signal-
ing Technology). Polyclonal anti-Bax and anti–Bcl-2 antibodies were from BD
Pharmingen. Proteins were detected using an enhanced chemiluminescence
detection system (Pierce). SPL was detected using a rabbit polyclonal anti-
mouse SPL antibody kindly provided by Drs. M. Ikeda and A. Kihara.
SPL assay. SPL enzyme activity was determined on cell lysates using
D-erythro-[4,5-3H]dihydro-S1P (ARC/Isobio) as described (30).
S1P measurements. The amount of cellular S1P was evaluated as re-
ported (31) using D-erythro-[3-3H]sphingosine (0.45 μCi/mL; 1.5 μmol/L;
Perkin-Elmer).
Anchorage-independent growth assay. Six-well plates were precoated
with 2mLDMEM containing 10% FCS and 0.6% agar. DMEM (2mL) contain-
ing 10% FCS, 0.3% agar, and 5,000 cells were overlaid onto the precoated
wells. After 2 weeks' incubation at 37°C in 5% CO2 atmosphere, cell colonies
were visualized by MTT staining (500 μg/mL) and photographed.
Tumor growth (allograft mouse models). Sgpl1+/+ and Sgpl1−/− cells
were trypsinized, washed, and resuspended at 5 × 106/mL in sterile PBS.
One hundred microliters were injected s.c. into the flank of 4-week-old female
nude mice (NMRI-nu; Janvier) and tumors were allowed to develop for up to
40 days. Tumor volumes were calculated as described (32). All experiments
were done in accordance with the principles and guidelines established by
INSERM and were approved by the local animal care and use committee.
Quantitative real-time PCR. Nonconfluent human melanoma cell lines
(American Type Culture Collection) and normal epidermal melanocytes
(derived from adult skin NHEM-M2 or juvenile foreskin NHEM-f; Promo-
Cell) were harvested and RNA was extracted (RNeasy kit; Qiagen) according
to the manufacturer's protocol and treated with DNase (Qiagen). RNA qual-
ity was assessed by automated gel electrophoresis (Experion; Bio-Rad). RNA
(2 μg) was reverse-transcribed (SuperScript II; Invitrogen) and used as a
template for quantitative PCR. The reactions were done in duplicate on
the StepOne instrument (Applied Biosystems) using SYBR Green PCR kit
and primer assay (QuantiTect; Qiagen). The results were quantified using
the system software. mRNA of TBP, TFRC, and β-actin were analyzed for
normalization.
Statistical analyses. Results are expressed as mean ± SE. Student's t test
was used for statistical comparisons among groups and differences were
considered statistically significant when P < 0.05 (*, P < 0.05; **, P < 0.01;
***, P < 0.001).
Figure 2. Resistance of SPL-deficient cells to
anticancer agents. Wild-type, heterozygous, and
SPL-deficient MEFs were incubated for 24 h in
medium containing 5% FCS in the absence or
presence of the indicated concentrations of
etoposide (A) or doxorubicin (B). Alternatively, cells
were incubated for the indicated times in the
absence or presence of 1 μmol/L doxorubicin (C).
Viability was assessed using the MTT test and is
expressed as percentage of the value determined
at the corresponding time in the absence of the
drug. Mean ± SE of four to eight independent
experiments done in triplicate. D, wild-type MEFs
were transfected with control (Ctrl) or SPL targeting
siRNAs. SPL expression was evaluated by
Western blotting (top). After 48 h of transfection
with the siRNA and 24 h treatment with doxorubicin
(1 μmol/L), cell viability was evaluated using the
MTT test. Mean ± SE of three independent
experiments.
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Results
Gene dosage effect of Sgpl1 on cell death induced by chemo-
therapeutic drugs. To address the effect of SPL deficiency on an-
ticancer drug–induced cell death, we first used a genetic approach
by testing mutant MEFs derived from heterozygous (Sgpl1+/−) and
homozygous (Sgpl1−/−) SPL-null mouse embryos. Sgpl1+/− and
Sgpl1−/− cells carry a β-galactosidase-neomycin fusion gene trap
cassette within the second intron of the Sgpl1 gene (Fig. 1A). Only
in these mutant cells bacterial β-galactosidase activity was
measurable (Supplementary Fig. S1). Moreover, Western blot
analysis using an antibody raised against the murine SPL protein
(Fig. 1B) and SPL enzymatic assay (Fig. 1C) confirmed that SPL
expression and activity were decreased in Sgpl1+/− cells and abol-
ished in Sgpl1−/− cells compared with wild-type cells. Disruption
of Sgpl1 gene was accompanied by an intracellular increase of
S1P levels (Fig. 1D; Supplementary Table S1).
The importance of SPL in stress-induced cell death was investi-
gated by treating wild-type and SPL mutant cells with various con-
centrations of etoposide (Fig. 2A) and doxorubicin (Fig. 2B). These
agents led to a dose- and time-dependent reduction in the viability
of Sgpl1+/+ cells (Fig. 2C; Supplementary Fig. S2A). Under all con-
centrations tested, Sgpl1+/− MEFs were significantly less sensitive
to the lethal effects of the drugs than their normal counterparts,
whereas Sgpl1−/− MEFs were highly resistant. Interestingly, the
chemoresistance of heterozygous and homozygous cells was also
observed in primary MEFs (Supplementary Fig. S3) as well as
SV40-transformed MEFs (data not shown). Furthermore, nuclear
condensation observed in doxorubicin-treated Sgpl1+/+ cells by fluo-
rescence microscopy was reduced in Sgpl1+/− and completely abol-
ished in Sgpl1−/− cells (Supplementary Fig. S2B). Finally, Sgpl1+/+
MEFs transfected with a siRNA targeting SPL, which reduced SPL
protein content by ∼50%, became partially resistant to doxorubicin
(Fig. 2D). Similar observations were made on NIH3T3 fibroblasts
treated with mSPL siRNA (data not shown). These data point to a
strong correlation between SPL expression and cell sensitivity to
chemotherapy.
SPL is required for apoptosis induced by doxorubicin. To
substantiate the importance of SPL in anticancer drug–induced
cell death, the apoptotic cascade activated by doxorubicin in
Sgpl1−/− cells was analyzed. Of note, intracellular uptake of
doxorubicin, analyzed by fluorometry, was similar in Sgpl1+/+
and Sgpl1−/− cells (data not shown but illustrated in Fig. 3D by
the red fluorescence of the nuclei). In wild-type but not in SPL-
deficient cells, doxorubicin led to an increased proportion of
Annexin V–positive and propidium iodide–negative cells, cells with
externalized phosphatidylserine (Fig. 3A). These results are consis-
tent with the absence of morphologic alterations such as nuclear
condensation observed in mutant cells compared with control cells
(Supplementary Fig. S2B) and suggest that apoptosis is impaired in
SPL-deficient cells.
To test whether caspase activation was altered in SPL mutant
cells upon doxorubicin treatment, we analyzed caspase activity
by measuring cleavage of the fluorogenic tetrapeptide substrate
Ac-Asp-Glu-Val-Asp-aminomethylcoumarin. Caspase activity
(Fig. 3B) and processing of caspase-3 and caspase-7 as well as
the cleavage of caspase-9 and the caspase substrate poly(ADP-
ribose) polymerase (Fig. 3C) were strongly impaired in SPL-
deficient cells following doxorubicin treatment. As shown in
Fig. 3D, translocation of cytochrome c from mitochondria to the
cytosol was also blocked in Sgpl1−/− cells, showing the involvement
of SPL in the apoptotic cascade initiated by doxorubicin with a site
of action likely lying upstream of mitochondria.
Figure 3. Doxorubicin-induced apoptosis
is impaired in SPL-deficient cells. A,
wild-type and SPL-deficient cells were
incubated for 16 h in medium containing
5% FCS in the absence or presence of
doxorubicin (1 μmol/L). Cells were labeled
with Annexin V-FITC and propidium iodide
and analyzed by flow cytometry.
Percentages (mean ± SE of three inde-
pendent experiments) of propidium
iodide–negative/Annexin V–positive cells
are indicated. B and C, wild-type and
SPL-deficient cells were incubated with
doxorubicin (1 μmol/L) for the indicated
times. B, effector caspase (DEVDase)
activity was measured (mean ± SE of four
independent experiments). C, cell lysates
(30 μg protein) were subjected to
SDS-PAGE and Western blotted with
anti–caspase-9, caspase-7, caspase-3,
poly(ADP-ribose) polymerase (PARP), and
β-actin antibodies. Representative of at
least three independent experiments. D,
wild-type and SPL-deficient MEFs grown
on glass coverslips were incubated for 8 h
in the absence or presence of doxorubicin
(1 μmol/L) and then stained using
anti–cytochrome c antibody. The red
staining corresponds to the fluorescence
emitted by doxorubicin.
Loss of S1P Lyase Upregulates Bcl-2
9349 Cancer Res 2009; 69: (24). December 15, 2009www.aacrjournals.org
American Association for Cancer Research Copyright © 2009 
 on October 5, 2012cancerres.aacrjournals.orgDownloaded from 
Published OnlineFirst November 24, 2009; DOI:10.1158/0008-5472.CAN-09-2198
Autophagy is not altered in Sgpl1−/− cells. As the increase of
S1P levels after SK1 overexpression was shown to stimulate autop-
hagy and to protect cells from apoptotic death during nutrient
starvation (33), we examined the effect of SPL deficiency on this
phenomenon. As illustrated in Supplementary Fig. S4, starvation-
induced apoptosis was reduced in Sgpl1−/− compared with Sgpl1+/+
cells. However, autophagy, monitored by measuring proteolysis of
long-lived proteins, formation of LC3-II or LC3 translocation from
the cytosol to aggregates into autophagic vacuoles, which are
prerequisites for autophagosome formation and are regarded as
autophagy markers (34, 35), was similar in wild-type and mutant
cells. These data suggest that, under nutrient starvation, the resis-
tance of SPL-deficient cells to apoptosis is not associated with al-
terations in autophagy.
Upregulation of the expression of antiapoptotic Bcl-2 family
members contributes to the chemoresistance of SPL-deficient
cells. Overexpression of prosurvival Bcl-2 proteins occurs in nu-
merous tumors and correlates with resistance to antineoplastic
drugs (36). To determine whether resistance to doxorubicin of
SPL-deficient cells was accompanied with an alteration of the
balance between proapoptotic and antiapoptotic members of the
Bcl-2 family, the expression pattern of these proteins was investi-
gated. A comparative Western blot analysis revealed that Sgpl1−/−
cells displayed higher levels of both Bcl-2 and Bcl-xL than Sgpl1+/+
cells, whereas Bid and Bax were not modified, indicating a possible
contribution of Bcl-2 antiapoptotic members to the chemoresis-
tance of SPL-deficient cells (Fig. 4A; Supplementary Fig. S3C). To
test the latter hypothesis, we investigated the expression of Bcl-2
and Bcl-xL in Sgpl1−/− cells transiently transfected with a cDNA en-
coding mSPL. As shown in Fig. 4B, SPL-corrected Sgpl1−/− cells dis-
played lower levels of both Bcl-2 and Bcl-xL than mutant cells
transiently transfected with an empty vector. We next employed
a knockdown approach to deplete Bcl-2 and Bcl-xL either individ-
ually or in combination in Sgpl1−/− cells. Effective downregulation
of the target protein Bcl-2 or Bcl-xL was confirmed by Western
blot analysis (Fig. 4C). Sgpl1−/− cells transfected with both Bcl-2
and Bcl-xL siRNA displayed enhanced sensitivity to doxorubicin
compared with their control counterparts (Fig. 4D). Collectively,
these data point to a tight regulation between the expression of
Bcl-2 antiapoptotic proteins and SPL in the control of sensitivity
to chemotherapeutic drugs.
Lack of SPL expression leads to increased cell proliferation
in vitro and oncogenesis in vivo. The S1P-generating enzyme SK1
behaves as an oncogene when overexpressed in nontransformed
NIH3T3 fibroblasts (13). To investigate the effect of S1P-degrading
SPL on cell transformation, we analyzed the growth properties of
Sgpl1−/− and Sgpl1+/+ cells. We found that, in serum-free medium or
in the presence of 1% serum, SPL-deficient cells exhibited higher
rates of proliferation than their wild-type counterparts. In S1P-con-
taining medium, full serum, both cell lines grew at identical rates
(Fig. 5A). However, using the scratch wound closure assay, we ob-
served that cell migration was not altered in SPL-deficient cells
(data not shown). We then tested whether increased growth of
Sgpl1−/− cells was accompanied by the ability to form colonies in
Figure 4. Overexpression of Bcl-2 and
Bcl-xL in SPL-deficient cells. A, wild-type
and SPL-deficient MEFs were incubated
with doxorubicin (1 μmol/L) for the indicated
times. Cell lysates (30 μg protein) were
electrophoresed to SDS-PAGE and blotted
with anti-Bid, anti–Bcl-2, anti–Bcl-xL,
anti-Bax, and anti–β-actin antibodies.
Representative of at least three
independent experiments. B, Bcl-2 and
Bcl-xL expression was determined in
SPL-deficient cells transiently transfected
with either 8 μg of an empty vector
(pcDNA5TO) or a vector containing the
mSPL cDNA (pcDNA5TO-mSPL). After
48 h incubation, cell lysates were analyzed
by Western blot with anti-SPL, anti–Bcl-2,
and anti–Bcl-xL antibodies. C and D,
SPL-deficient cells were transfected with a
control siRNA or siRNA targeting Bcl-2,
Bcl-xL, or both. C, Bcl-2 and Bcl-xL levels
were evaluated by Western blotting. D,
after 48 h of transfection with the siRNA,
cells were treated with doxorubicin
(1 μmol/L) for 24 h. Viability was evaluated
using the MTT test. Mean ± SE of three
independent experiments.
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soft agar. As illustrated in Fig. 5B and Supplementary Table S2,
SPL-deficient cells gave rise to numerous colonies, whereas wild-
type cells showed much less anchorage-independent growth. To
evaluate the in vivo transforming properties of SPL, we tested
the ability of Sgpl1+/+ and Sgpl1−/− cells to grow in immunocompro-
mised mice. When injected s.c. in female athymic nude mice, SPL-
deficient cells induced rapidly growing tumors at the site of
inoculation within 15 days, whereas mice grafted with Sgpl1+/+ cells
did not develop tumors even 40 days postgraft (Fig. 5C). In all
tumor-bearing mice sacrificed after 40 days, the bacterial β-galac-
tosidase carried in the gene trap was fully active (Supplementary
Fig. S5A). Histologic analysis showed that all tumors presented high
cellularity and consisted of spindle cells, some with atypical nuclei,
forming fascicles highly suggestive of a fibrosarcoma (Supplemen-
tary Fig. S5B). Altogether, these data indicate that expression of a
functional SPL is required for inhibition of tumorigenesis.
Downregulation of SPL expression in melanoma cells. Mam-
malian genes frequently present allelic variants that differ in their
expression levels and that, in the case of tumor suppressor genes,
can be of relevance for cancer susceptibility. Because the human
Figure 5. Increased growth, colony, and
tumor formation of SPL-deficient cells.
A, wild-type and SPL-deficient cells were
seeded in 24-well plates at 3 × 104/mL.
After 16 h (time 0), the medium was
removed and replaced by fresh medium
containing 5%, 1%, or 0% FCS, and cells
were further incubated for the indicated
times. MTT assay was used to monitor
growth. Representative of at least three
independent experiments done in triplicate.
B, wild-type and SPL-deficient cells were
cultured on soft agar and fed with medium
containing 10% FCS. Colonies were
stained with MTT and photographed after
2 wk of incubation. C, wild-type and
SPL-deficient cells were injected s.c. into
nude mice (12 per group) and tumor growth
was monitored regularly for 40 d.
Figure 6. SGPL1 expression in
melanoma. SGPL1 mRNA levels in human
melanoma cell lines were quantified by
real-time quantitative PCR. Data are mRNA
fold change compared with adult
(NHEM-M2) or juvenile (NHEM-f) normal
human melanocytes. Mean ± SE of two
independent experiments done in
duplicate.
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SGPL1 gene maps to chromosomal 10q21 and that alteration of
chromosome 10 is common in human cancers including melano-
ma (37), we evaluated the expression of SPL in a series of invasive
or metastatic melanoma cells and compared with that of melano-
cytes derived from healthy individuals. As shown in Fig. 6, SGPL1
expression was significantly reduced in most melanoma cell lines
tested, suggesting that this gene is downregulated during melano-
ma tumorigenesis.
Discussion
S1P is considered as a tumor-promoting agent for its role in the
regulation of cancer cell growth, survival, adhesion, migration,
metastatic potential, and angiogenesis (2, 7). Several antitumoral
therapeutic approaches targeting S1P formation and signaling
have been developed including the synthesis of sphingosine kinase
inhibitors (38), the targeting of S1P receptors with the immunosup-
pressant FTY720 (39), and the use of an anti-S1P antibody (40). By
controlling S1P catabolism, SPL emerges as a novel target in the
generation of sphingolipid-based therapeutics (14).
Analysis of SPL-deficient genetic models revealed that SPL is
crucial for mammalian survival because SPL knockout mice dis-
played severe lymphopenia and developed myeloid cell hyperplasia
and also significant lesions in several nonlymphoid organs (28, 41).
Here, using fibroblasts generated from SPL-deficient mouse embry-
os, we show that complete loss of SPL activity confers resistance to
apoptosis in response to chemotherapeutic agents. Of particular
interest was the finding that a gene dosage effect exists in the sen-
sitivity to anticancer drugs because the loss of a single SPL allele
(as seen in heterozygous cells) resulted in partial resistance to gen-
otoxic stress. This observation was corroborated by the fact that
siRNA-mediated knockdown of SPL in control fibroblasts also led
to a partial resistance to doxorubicin-induced cell death. SPL defi-
ciency blocked apoptotic events such as the cleavage of effector
caspases and the caspase substrate poly(ADP-ribose) polymerase
in accordance with data showing that caspase-3 activity was in-
creased in SPL-overexpressing cells (17, 19). Moreover, we found
that the release of mitochondrial cytochrome c into the cytosol
and the cleavage of initiator caspase-9 were impaired in Sgpl1−/−
cells, suggesting that SPL likely acts upstream of mitochondria
and triggers the intrinsic apoptotic pathway.
Several Bcl-2 family proteins insert into mitochondrial mem-
branes operating as guardians of these organelles (42). Here, we
show that whereas loss of SPL activity contributes to upregulation
of the oncoproteins Bcl-2 and Bcl-xL but not Bax and Bid, its res-
toration in SPL-deficient cells was able to diminish their expres-
sion. Moreover, double knockdown of Bcl-2 and its homologue
Bcl-xL could sensibilize Sgpl1−/− cells to the cytotoxic effect of
doxorubicin. These findings identify SPL as an upstream regulator
of the oncoproteins Bcl-2 and Bcl-xL that control the mitochondri-
al cell death pathway. They are consistent with the notion that S1P
metabolism is tightly connected to the expression of Bcl-2 mem-
bers. Indeed, whereas the prosurvival effect of S1P-generating en-
zyme SK1 has been associated with upregulation of antiapoptotic
Bcl-2 proteins (21, 43), its pharmacologic inhibition resulted in
cleavage of Bcl-2, a response linked to mitochondria-dependent
apoptosis (38).
Bcl-2-family proteins are also capable of regulating macroauto-
phagy by interacting with the autophagy protein Beclin 1 (44). In
Sgpl1−/− cells, neither the expression of Beclin-1 (data not shown)
nor nutrient starvation-induced autophagy were altered. These re-
sults suggest that Bcl-2 overexpression does not blunt the autop-
hagic response in Sgpl1−/− cells and that autophagy cannot account
for the resistance of Sgpl1−/− cells to starvation-induced apoptosis.
All antiapoptotic Bcl-2 family members are oncoproteins and
the oncogenic potential of Bcl-2 was first illustrated through its
transcriptional deregulation in human follicular lymphoma (45).
However, although high levels of Bcl-2 or Bcl-xL are often associ-
ated with a more aggressive malignant phenotype and mice bear-
ing a modified Bcl-2 transgene develop spontaneous lymphoid
tumors, Bcl-2 overexpression on its own is not highly oncogenic
but requires synergistic pretumorigenic lesions to increase the like-
lihood of malignancy (46). The present study provides evidence
that combined effects of SPL loss and Bcl-2 overexpression in
Sgpl1−/− immortalized cells contribute to their ability to form col-
onies in soft agar and to generate solid tumors when implanted
into nude mice. SPL expression may also repress cellular transfor-
mation and antagonize the oncogenic effect of the S1P-generating
enzyme SK1 (13). However, whether loss of SPL affects the expres-
sion of other oncoproteins cannot be excluded. For instance, it
has been shown that SPL promotes apoptosis via a p53-depen-
dent pathway (19). The tumor suppressor p53 has been also as-
sociated to Bcl-2 because it could inactivate its antiapoptotic
functions by promoting its phosphorylation (47). Moreover, p53
is inactivated in many cancers mostly through missense muta-
tions that result in the abrogation of its activity and the acquisi-
tion of oncogenic functions (48).
S1P metabolism has also been linked to the oncogenic Ras-
mediated transformation because the S1P-generating enzyme SK1
was activated in NIH3T3 cells transfected with an active mutant of
Ras, whereas the transforming ability of Ras was inhibited in cells
cotransfected with a dominant-negative mutant of SK1 (13). Inter-
estingly, activation of the Ras pathway resulted in the rapid upregu-
lation of Bcl-2 and Bcl-xL (49), and Bcl-2 and Rasmutant cooperated
to give rise tomalignant disease (50). Future studies are necessary to
determine whether SPL loss and Bcl-2 overexpression are causally
related to the Ras pathway or the expression of other oncogenes.
Our data show that reduced SPL activity results in both resis-
tance to apoptosis and oncogenesis, suggesting that SPL could re-
strict tumor development. The reduced expression of SPL in solid
cancers would go along such a tumor suppressor role. Indeed, we
observed that SGPL1 expression is downregulated in human
melanoma. This finding is consistent with the diminished SPL ex-
pression reported on human colorectal carcinomas (19). A more
in-depth analysis of the molecular mechanisms that regulate SPL
expression and its effects are required to better understand its
role in S1P-mediated oncogenesis.
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ABSTRACT Glycosphingolipids, which are abundant
at the surface of melanoma cells, play crucial roles in
tumor progression. We investigated whether a newly
described glycosphingolipid hydrolase, encoded by the
GBA2 gene, can modulate human melanoma cell growth
and death. GBA2 expression was quantified on mela-
noma cells by RT-qPCR. The antiproliferative effects
of GBA2 were assessed in tumor cells expressing induc-
ible GBA2 and in established melanoma xenografts. As
a control an inducible catalytically inactive GBA2 mu-
tant was generated. Sphingolipid levels were monitored
by mass spectrometry; unfolded protein response
(UPR) and apoptosis were assessed by Western blot
and flow cytometry analyses, respectively. We report
that GBA2 is down-regulated in melanoma; inducible
expression of GBA2 affects endogenous sphingolipid
metabolism by promoting glucosylceramide degrada-
tion (decrease by 78%) and ceramide generation; this is
followed by a UPR that causes apoptosis, subsequent
decreased anchorage-independent cell growth, and re-
duced in vivo tumor growth (by 40%); and all these
events are abrogated when expressing a catalytically
inactive GBA2. This study documents for the first time
the antitumor activity of GBA2 and provides evidence
for the role of nonlysosomal glucosylceramide break-
down as a source of bioactive ceramide and a mecha-
nistic link between glycolipid catabolism and the UPR/
death response of melanoma cells.—Sorli, S.-C., Colié,
S., Albinet, V., Dubrac, A., Touriol, C., Guilbaud, N.,
Bedia, C., Fabria`s, G., Casas, J., Ségui, B., Levade, T.,
Andrieu-Abadie, N. The nonlysosomal b-glucosidase
GBA2 promotes endoplasmic reticulum stress and im-
pairs tumorigenicity of human melanoma cells.
FASEB J. 27, 000–000 (2013). www.fasebj.org
Key Words: glycosylceramidase z unfolded protein response z
cancer cell death z glucosylceramide
Sphingolipids (SLs), which are essential compo-
nents of the plasma membrane of eukaryotic cells, lie
in a key position to modulate the pathways of trans-
membrane signaling and allow the cell to adapt to
environmental stresses (1). In solid cancers and
hematologic malignancies, ceramide has attracted a
particular interest because it behaves as an antipro-
liferative and proapoptotic SL metabolite (2, 3). By
facilitating elimination of tumor cells through in-
creased sensitivity to conventional treatments and/or
by overcoming their resistance, manipulation of cer-
amide levels has thus emerged as a potential tool in
the anticancer arsenal (2–4).
However, the conversion of ceramide to various SLs,
including sphingosine 1-phosphate, sphingomyelin,
and glycosphingolipids (GSLs), can modulate or coun-
teract the cytotoxic signal induced by ceramide itself
(4). A well-documented example is the conversion of
ceramide to glucosylceramide (GlcCer), catalyzed by
GlcCer synthase (GCS) on the cytosolic face of the
Golgi apparatus (5). Indeed, enhanced glucosylation of
ceramide contributes to the multidrug resistance phe-
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notype in numerous human cancer cells (6, 7). Accord-
ingly, as compared to their drug-sensitive counterparts,
chemotherapeutic drug-resistant cancer cell lines accu-
mulate GlcCer (8). The resistance can be reversed by
inhibiting GlcCer synthesis with GCS antisense oligonu-
cleotides (9) or by using structural analogs of GlcCer,
such as P-drugs (10). Furthermore, GlcCer is the pre-
cursor for plasma membrane-located sialic acid-con-
taining GSLs, known as gangliosides, which are critical
players in tumor progression by controlling cancer cell
growth, adhesion, and motility (11) as well as epithelial-
mesenchymal transition (12). Interestingly, in mela-
noma cells, inhibition of GlcCer synthesis by iminosug-
ars led to delayed tumor development (13). Similarly,
pharmacologic depletion of GSLs in melanoma cells
was associated with poor tumorigenic capacity when
injected into mice (14). The same observation was
reported for MB4 murine melanoma cells transfected
with antisense targeting GCS (15). Several gangliosides
are highly expressed at the surface of human mela-
noma cells and have been suggested as tumor-specific
markers for melanic tumors and as targets for immu-
notherapy (16). Altogether, these findings suggest that
limiting the synthesis of GlcCer or conversely promot-
ing its degradation to accumulate proapoptotic cer-
amide could be a promising therapeutic approach to
halt melanoma progression.
The main catabolic pathway for GlcCer takes place in
the lysosomes, where acid b-glucosidase 1 (GBA1), also
called lysosomal glucosylceramidase, catalyzes the cleav-
age of the b-glucosyl linkage between ceramide and
glucose. GBA1 activity is deficient in Gaucher disease
(GD), the most common inherited lysosomal storage
disorder, characterized by GlcCer accumulation in ly-
sosomes of laden tissue macrophages (17). However, as
GlcCer storage is not observed in other cell types, the
existence of some alternative pathway for GlcCer catab-
olism has been speculated (18). Two nonlysosomal
b-glucosidases, termed GBA2 (19) and GBA3, also
known as Klotho-related protein (20), have been iden-
tified. Whereas mRNA expression of the latter is down-
regulated in renal cell carcinoma tissues compared to
nontumor regions (21), the expression and role of
GBA2 in tumor cell growth have never been studied.
GBA2 was described as a membrane-bound enzyme
located in the endoplasmic reticulum (ER; ref. 22) but
also at or close to the cell surface (19) that cleaves the
b-glucose-sphingosine linkage present in GlcCer. While
GBA2 deficiency in mice resulted in impaired sper-
matogenesis associated with GlcCer accumulation in
the ER (22), no disorder related to defective GBA2 has
been described so far in humans.
To assess the yet undetermined role of GBA2 on
melanoma growth, we performed transcriptomic stud-
ies on various human melanoma cell lines from invasive
and metastatic stages. Here we report a lower expres-
sion of GBA2 in melanoma cancer cells as compared
with normal melanocytes. Then we show that expres-
sion of active GBA2 in tumor cells leads to increased
levels of ceramide, ER-specific unfolded protein re-
sponse (UPR), apoptosis, and impaired melanoma
growth. Our findings demonstrate that the catabolism
of GlcCer into ceramide by the nonlysosomal b-gluco-
sidase GBA2 may represent a novel approach for ther-
apeutic intervention in melanoma.
MATERIALS AND METHODS
Preparation of plasmid DNA and cell transfection
The whole coding sequence of human GBA2 cDNA was
amplified by a 2-step PCR strategy using Phusion DNA
polymerase (Finnzymes, Espoo, Finland), cDNA from normal
human cells as template, and primers containing appropriate
restriction sites and hemagglutinin (HA)-tag coding se-
quence (sense 5=-ggaattccgccatcgaggtcatggg and antisense
5=-gcggccgctcaagcgtaatctggaacatcgtatgggtactctgggct). The amplifi-
cation product was cloned into the pcDNA5/TO vector (In-
vitrogen, Cergy Pontoise, France). The pcDNA5/TO-hGBA2
plasmid was mutated using the QuickChange II Site-Directed
Mutagenesis Kit (Stratagene, Massy, France) with the primers
5=-cgatttggctaccttcagggccaggagta and 5=-gtactcctggccctgaagg-
tagccaaatcg to introduce the E527Q mutation. All constructs
were validated by sequencing. pcDNA6/TR plasmid (Invitro-
gen) was transfected into A375 cells using Lipofectamine
2000 (Invitrogen). Stable transfectants were selected for their
resistance to 250 mg/ml hygromycin B before transfection
with wild-type (wt) or mutated pcDNA5/TO-hGBA2 con-
struct. A375-GBA2 clones were then selected using 3 mg/ml
blasticidin.
Cell culture
Human melanoma cell lines were grown either in RPMI
(COLO-829, G361, MEL-JUSO, UACC-257, WM-115 and WM-
266.4) or DMEM (A375, IC8, SK-MEL28, and SK-MEL31)
supplemented with 10% heat-inactivated fetal calf serum
(FCS) in the presence of 5% CO2 in a humidified atmosphere
at 37°C. A375, SK-MEL28, SK-MEL31, WM-115 and WM-266.4
cells were obtained from American Type Culture Collection
(LGC, Molsheim, France). COLO-829 cells were a gift from
Prof. R. Marais (University of Manchester, Manchester, UK).
G361, MEL-JUSO, and UACC-257 cell lines were from Pierre
Fabre Laboratories (Toulouse, France), and IC8 cells were
from Dr. J. Portoukalian (University of Lyon 1, Lyon, France).
Quantitative RT-PCR
Total RNA was extracted from nonconfluent human mela-
noma cell lines or normal epidermal melanocytes derived
from adult skin NHEM-M2 or juvenile foreskin NHEM-B
(PromoCell, Heidelberg, Germany), and quantitative RT-
PCR was performed in triplicate as reported (23). GBA2
mRNA expression was analyzed after normalization to that of
TBP, TFRC, and b-actin genes and using the DDCt compara-
tive method. For ASNS, ATF4, ATF5, BIP, CHOP, DNAJB9,
EDEM, GADD34, and HERP mRNA quantification, primer
sequences are described in Supplemental Material.
Analysis of XBP-1 mRNA splicing
Total RNA from A375-GBA2 cells was isolated with Trizol
reagent (Invitrogen) for RT-PCR analysis. Primers spanning
the XBP-1 splice junction (forward 5=-ctggaacagcaagtggtaga
and reverse 5=-ctcctccaggctggcagg) were used to amplify un-
2 Vol. 27 February 2013 SORLI ET AL.The FASEB Journal z www.fasebj.org
spliced and spliced mRNA. PCR products were separated by
electrophoresis on 4% agarose gel and visualized by SybrGreen
staining (Invitrogen).
siRNA transfections
Transient interference was achieved by a pool of 4 siRNAs
specific for ATF6, inositol-requiring enzyme 1a (IRE1a), or
PKR-like ER kinase (PERK; ON-TARGETplus SMARTpool;
Dharmacon; Thermo Fisher, Brebières, France) or aleatory
sequence scrambled siRNA. siRNAs were transfected alone or
in combination into A375-GBA2 cells using Interferin
(Polyplus Transfection, Illkirch, France) as described by the
manufacturer. After 24 h of transfection, 1 mg/ml doxycy-
cline was added to the medium, and cells were incubated for
48 h before evaluation of caspase activity.
Immunofluorescence microscopy
A375-GBA2 cells were seeded on glass coverslips at a density
of 3 3 104 cells/cm2. After a 48 h incubation in the presence
or absence of 1 mg/ml doxycycline, cells were fixed with 4%
paraformaldehyde in PBS, washed, and permeabilized using
0.1% Triton X-100. Unspecific sites were saturated with 10%
FCS, and probing with 10 mg/ml anti-HA (Cell Signaling
Technology; Ozyme, Saint-Quentin Fallavier, France) or 1
mg/ml anti-GBA2 (Sigma, L’isle-d’Abeau, France) antibody
was performed. HA and GBA2 expression were visualized by
Alexa Fluor 488 goat anti-mouse IgG (1:250) and Alexa Fluor
546 goat anti-rabbit IgG (1:500), respectively. Coverslips were
mounted using Prolong Gold AntiFade reagent (Invitrogen),
and cells were examined using a fluorescence-equipped
Olympus microscope (Olympus, Tokyo, Japan).
GBA2 enzymatic assay
Prior to assay, GBA1 was inhibited or not by incubating cells
or tumor lysates with 1 mM conduritol B epoxide (CBE;
Calbiochem, San Diego, CA, USA) at 4°C for 30 min. GBA2
enzymatic activity was then determined using an artificial
fluorogenic substrate (19).
In situ GBA2 activity
Melanoma cells were seeded at a density of 2.5 3 104
cells/cm2 in DMEM containing 5% FCS supplemented or not
with 1 mg/ml doxycycline for 48h. Prior to assay, the medium
was replaced by serum-free medium, and GBA1 activity was
inhibited by a 30 min-incubation with 1 mM CBE. Cells were
then incubated for 2 h at 37°C with 2 mM C6-nitrobenzox-
adiazole (NBD)-GlcCer (Sigma) solubilized in ethanol. The
reaction was stopped by scraping and harvesting the cells.
Lipids were extracted, resolved by analytical thin-layer chro-
matography, and quantified (19).
Mass spectrometric analysis of lipids
SLs were quantified by ultraperformance liquid chromatog-
raphy, coupled to high-resolution electrospray ionization
time-of-flight mass spectrometry (UPLC-TOF; Waters, Mil-
ford, MA, USA; ref 24).
Cytotoxicity and caspase assays and flow cytometry analyses
The viability of cells seeded at a density of 3 3 104 cells/cm2,
in medium containing hygromycin B, blasticidin, and 1%
FCS, supplemented or not with 1 mg/ml doxycycline, was
assessed using the tetrazolium-based 3-(4,5-dimethylthiazolyl-
2)-2,5-diphenyltetrazolium bromide (MTT) assay (23).
After stimulation with 1 mg/ml doxycycline for 48 h,
caspase-3/7 activity was measured with a homogeneous lumi-
nescent assay (Caspase-Glo; Promega, Charbonnières-les-
Bains, France). The luminescence signal was normalized to
absolute cell numbers that were counted in parallel using the
CellTiter 96 AQueous One Solution cell proliferation assay
(Promega).
To monitor hypodiploidy, cells seeded as above were
permeabilized in 70% ethanol overnight at 220°C, treated
for 30 min at 37°C with 1 mg/ml RNase (Invitrogen), and
DNA was stained using 0.1 mg/ml of propidium iodide (PI).
DNA content was quantified by flow cytometry. Phosphatidyl-
serine externalization was studied by staining the cells with
annexin V-fluorescein isothiocyanate (FITC) and PI as de-
scribed previously (25).
Western blot analyses
Cells were lysed in Laemmli buffer and immunoblotted with
anti-BiP, anti-eukaryotic initiation factor-2 subunit a (eIF2a),
anti-p-eIF2a, anti-HA, anti-IRE1a, anti-PARP, anti-PERK, anti-
p-PERK (Cell Signaling), or anti-GBA2 (Sigma) antibody. The
protein signal was normalized using an anti-b-actin monoclo-
nal antibody (Cell Signaling). Immunoreactive proteins were
detected with enhanced chemiluminescence (Pierce, Rock-
ford, IL, USA).
Tumor growth
Animal experiments were conducted in accordance with the
86/609/EC European directive, and our protocol was ap-
proved by the Regional Ethics Committee of Midi-Pyrénées
for Animal Experimentation. A375-GBA2 cells (53106) were
injected subcutaneously into the flank of 5-wk-old female
nude mice (Janvier, Le Genest-Saint-Isle, France). When
tumors reached a volume of 50-100 mm3, GBA2 expression
was induced or not by adding fresh 2 mg/ml doxycycline in
the drinking water every day. Animal body weight and tumor
volumes were measured 33/wk. Tumors were removed 38 d
postinjection, weighed, snap-frozen in liquid nitrogen, and
stored at 270°C for subsequent GBA2 enzymatic assay.
Statistical analyses
Results are expressed as means 6 se. Statistical analyses were
performed using Student’s t test (GraphPad Prism Software,
San Diego, CA, USA); values of P , 0.05 were considered
significant. For in vivo experiments, a 2-way ANOVA was used.
RESULTS
Melanoma cells show down-regulation of GBA2
Because GlcCer-based gangliosides are widely ex-
pressed in melanoma (26), we assessed the expression
pattern of the gene encoding for the nonlysosomal
GlcCer-degrading enzyme GBA2 in healthy melano-
cytes and in a series of invasive or metastatic melanoma
cells. As shown in Fig. 1, all melanoma cell lines tested
exhibited a low level of GBA2 mRNA as compared with
normal cells, suggesting that this gene is down-regu-
lated during melanoma tumorigenesis. No difference
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between invasive and metastatic cell lines was noticed.
In addition, we observed that the GBA2 enzyme activity
in melanoma cells was lower than in melanocytes
(21.862.9 and 17.962.1 nmol/h/mg in 5 invasive
[VGP] and 8 metastatic cell lines, respectively, as com-
pared to 31.5 nmol/h/mg in the Melan-a cell line).
Nonlysosomal b-glucosidase GBA2 leads to ceramide
formation
To investigate how GBA2 affects SL metabolism in
melanoma, we first generated a doxycycline-inducible
GBA2 construct, which produces a C-terminal HA-
tagged human enzyme under the control of a tetracy-
cline (Tet) operator and a minimal cytomegalovirus
(CMV) promoter. As shown by immunocytochemistry
(Fig. 2A) and immunoblotting (Fig. 2B) against the HA
tag, solely detecting the overexpressed protein, A375
human melanoma cells exhibited a doxycycline-depen-
dent induction of the GBA2-HA protein, already 24 h
after treatment. A selection strategy based on individual
clones was carried out to obtain clones with weak,
modest, and high inducible expression of GBA2 on
addition of doxycycline, termed GBA2-1, GBA2-2, and
GBA2-3, respectively (Fig. 2C). The enzymatic activity of
GBA2, determined on cell lysates in the presence of
CBE, a potent GBA1 inhibitor, increased after doxycy-
cline induction and was maintained until 96 h post-
treatment. This activity correlated with the expression
level of GBA2 in the established clones (Fig. 2D).
As a specific control of GBA2 activation, we generated
an inducible catalytically inactive GBA2. This was accom-
plished through site-directed mutagenesis by substituting
glutamic acid residue Glu527 of the human GBA2 to
glutamine (this residue was found to be highly conserved
from multialignment analyses; ref. 27). When expressed
at high levels in A375-TetR clones, the doxycycline-in-
duced GBA2(E527Q) mutant produced virtually no enzy-
matic activity (Fig. 2D), whereas neither its protein expres-
sion (Fig. 2C) nor its subcellular localization (Fig. 2E)
were affected. Indeed, a reticular, perinuclear staining
pattern characteristic of the ER was observed in cells
expressing the wt or mutated form of GBA2.
To address the possible involvement of GBA2 in
ceramide formation, we first measured its in situ enzy-
Figure 2. Inducible expression of
wt-GBA2 in melanoma cells results in
increased b-glucosidase activity. A)
GBA2 cells grown on glass coverslips
were incubated for 48 h in the ab-
sence (none) or presence (Dox) of 1
mg/ml doxycycline and then stained
using an anti-HAantibody (green) and
PI (red). B,C)Western blot analyses of
GBA2 expression in A375-derivedmel-
anoma cells using anti-HA (B) and
anti-GBA2 (C) antibodies. D) GBA2
enzyme activity in GBA2-1-, GBA2-2-,
GBA2-3-, and E527Q A375-derived
clones. Data are means 6 se of 4
independent experiments. E) Immu-
nofluorescent staining of GBA2 in
noninduced and doxycycline-induced
A375-derived clones expressing either
a wt (GBA2-3) or a catalytically inactive
(E527Q) GBA2, using an anti-GBA2
antibody.
Figure 1. GBA2 expression in melanoma cells. GBA2 mRNA
in human melanoma cell lines was quantified by quantitative
RT-PCR and expressed as fold change over the levels in adult
(NHEM-M2) or juvenile (NHEM-B) normal human melano-
cytes (means6se of 3 independent experiments performed in
duplicate).
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matic activity by incubating intact living cells with a
fluorescent analog of GlcCer that is converted into
fluorescent ceramide. At 48 h after doxycycline treat-
ment, expression of GBA2 resulted in a significantly
increased degradation of fluorescent GlcCer (Fig. 3A)
together with a significant raise in the amount of
C6-NBD-ceramide (Fig. 3B) in all 3 wt-GBA2-expressing
A375-derived clones but not in GBA2(E527Q) variant.
Moreover, measurement of endogenous SL levels by
LC/MS, in doxycycline-induced clones revealed that
GBA2 caused a dramatic decrease in GlcCer content
(Fig. 3C), whereas sphingomyelin levels remained un-
altered (Fig. 3D). This effect was associated with a
significant increase of ceramide levels, especially those
of 16- and 24-carbon chain length (Fig. 3E), from 24 h
onward (Supplemental Fig. S1A) without affecting di-
hydroceramide content (Supplemental Fig. S1B). Inter-
estingly, expression of the E527Q mutant had no effect
on GlcCer degradation (Fig. 3C) and its conversion
into ceramide (Fig. 3E), demonstrating that the non-
lysosomal glucosylceramidase acts as a novel source of
ceramide production in melanoma cells.
GBA2 inhibits melanoma cell proliferation and in vivo
growth of established melanoma tumors
To assess the biological function of GBA2 in melanoma
cells, A375 clones constitutively expressing the Tet
repressor alone (A375-TetR) or GBA2 were grown in
1% serum with or without doxycycline for 4 d, and
viable cells were counted. Whereas doxycycline treat-
ment did not significantly change growth of control
A375-TetR clones (data not shown) nor that of
GBA2(E527Q) variants, it resulted in inhibition of
melanoma cell proliferation in wt-GBA2 clones
(Fig. 4A), demonstrating that expression of a func-
tional GBA2 is required to inhibit melanoma cell
growth. Moreover, the inhibitory effect of doxycycline
on melanoma clones correlated with the degree of
overexpressed GBA2 activity, so that the number of
viable GBA2-3 cells (having the highest activity) at 96 h
was the same as that at 24 h. The profound inhibitory
effect induced by GBA2 on melanoma proliferation was
also observed on anchorage-independent growth of
GBA2-3 cells, as revealed by the absence of colonies
after doxycycline induction (Supplemental Fig. S2).
To test whether GBA2 overexpression could result in
the suppression of tumor growth in vivo, A375-derived
GBA2-3 cells were subcutaneously injected into the
flank of female athymic nude mice, and tumor volumes
were measured over 38 d. As expected, mice injected
with GBA2-3 melanoma cells developed large tumors at
the site of inoculation. The switch was triggered by
giving the animals, harboring an established tumor,
doxycycline in their drinking water. Under these con-
ditions, the average tumor volumes (Fig. 4B) and
weights (Fig. 4C) of GBA2-3-injected mice were signifi-
cantly reduced. As shown in Fig. 4D, doxycycline in-
duced a strong increase in GBA2 enzymatic activity in
Figure 3. Inducible expression of wt-GBA2 in melanoma cells leads to enhanced GlcCer breakdown and ceramide formation.
A, B) A375-derived clones were incubated for 48 h in the absence or presence of 1 mg/ml doxycycline. C6-NBD-GlcCer (2 mM)
was added to the cells for 2 h. Fluorescent GlcCer (A) and ceramide (B) were quantified. Results are expressed as percentage
of total fluorescent lipids (means6se of 2 independent experiments). C–E) A375-derived clones, expressing either a wt
(GBA2-3) or a catalytically inactive (E527Q) GBA2, were incubated for 24 h in the absence or presence of doxycycline. Cellular
lipids were extracted and SL levels were quantified by LC/MS. GlcCer (C), sphingomyelin (D), and individual and total
ceramide species (E) are expressed in picomoles per nanogram of protein (means6se of 2 independent experiments).
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all tumors of treated mice, demonstrating that expres-
sion of GBA2 can inhibit melanoma tumorigenesis in
vivo.
GBA2 triggers an ER-specific UPR and apoptosis in
human melanoma cells
Because GBA2 is a resident enzyme of the ER (22) and
because recent evidence indicates that increased con-
version of ceramide into GlcCer-reduced ER stress in
pancreatic b-cells (28), we hypothesized that GBA2
induction and subsequent ceramide formation might
affect ER homeostasis in melanoma cells. Induction of
GBA2 in doxycycline-stimulated GBA2-3 cells increased
expression of several ER stress marker genes, including
that encoding BiP, a chaperone protein classically
induced during UPR (Fig. 5A). Similarly, GBA2 also
activated the unconventional XBP-1 mRNA splicing
(Fig. 5B) mediated by IRE1 endonuclease activity,
leading to the expression of the active form of XBP-1.
This XBP-1 spliced form is one of the several factors
responsible for UPR, including IRE1a and other known
mammalian sensors (29).
Of note, the expression of DNAJB9 and EDEM, 2
XBP-1-dependent genes involved in ER protein matu-
ration or ER-associated degradation, respectively, was
induced in doxycycline-stimulated GBA2-3 cells (Fig.
5A). Moreover, GBA2 caused activation of PERK, an-
other ER stress sensor, as evidenced by its autophos-
phorylation as well as by the phosphorylation of its
main substrate, eIF2a (Fig. 5C). This event was associ-
ated with an increased expression of ATF4 and ATF5
transcription factors and of downstream targets of
ATF4, including ASNS, BiP, HERP, GADD34, and
CHOP (Fig. 5A).
Remarkably, Fig. 5 shows that all these effects were
absent in GBA2(E527Q) cells in which GBA2 is ex-
pressed in the ER but in a catalytically inactive form
(Fig. 2), confirming that GBA2 plays a significant role
in the regulation of UPR.
Depending on the duration or severity of ER stress,
activation of the UPR can promote cell survival or lead
to apoptotic cell death. In doxycycline-stimulated
GBA2-3 cells, our data suggest that induction of GBA2
was associated with a decrease in melanoma cell viabil-
ity (Fig. 4A) and an ER stress maintained over time
(Fig. 5B, C). Moreover, ceramide is known to trigger
apoptosis of cells in which it accumulates (3). To test
the ability of GBA2 to modulate apoptosis in melanoma
cells, cell cycle of A375-derived GBA2-3 melanoma cells
was evaluated by flow cytometry analysis. As shown in
Fig. 6A (and Supplemental Fig. S3), the number of cells
with hypodiploid DNA content, which corresponds to
apoptotic cells with degraded DNA, was significantly
higher in cells overexpressing GBA2 after treatment
with doxycycline. Similarly, an increased proportion of
annexin-V-positive cells (Fig. 6B), as well as an in-
creased activity of effector caspases (Fig. 6C) and cleav-
age of the apoptosis-associated protein PARP (Fig. 6D),
considered as some of the major biochemical hallmarks
of apoptosis, were observed in doxycycline-treated
GBA2-3 cells as compared with noninduced cells.
Of note, all these events were absent in doxycycline-
treated GBA2(E527Q) variants (Fig. 6B–D), demon-
Figure 4. Inducible expression of wt-GBA2 reduces melanoma cell growth. A) Viability of A375-derived clones incubated for the
indicated times in the absence or presence of 1 mg/ml doxycycline. Results are expressed as percentage of the value determined
at 24 h in the absence of doxycycline (means6se of 2 to 3 independent experiments). B–D) GBA2-3 cells were subcutaneously
injected into nude mice. When the tumors were measurable, 2 mg/ml doxycycline was added or not in the drinking water.
B) Tumor growth was monitored every 2 d. C, D) At 38 d after implantation of GBA2-3 cells, tumors were excised and weighed
(C), and GBA2 enzyme activity was evaluated in tumor lysates (D). Data are means6se of triplicate determination. Right panel:
mean values measured in individual tumors.
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strating the ability of active GBA2 to modulate the
apoptotic death of melanoma cells.
We next investigated whether activation of ER stress
is causally involved in the stimulation of apoptosis in
response to GBA2 induction in melanoma cells. Data
indicated that silencing ATF6, IRE1a, or PERK (Fig.
6E) significantly reduced GBA2-induced caspase activa-
tion (Fig. 6F). Combined down-regulation of the 3 arms
of ER stress pathways was required to completely abro-
gate this effect. Altogether, these findings suggest that
the GBA2-mediated hydrolysis of GlcCer causes ER
stress which in turn results in apoptosis of melanoma
cells.
DISCUSSION
Metastatic melanoma is one of the most lethal and
drug-resistant cutaneous tumors (30). As some anionic
sialylated derivatives of GlcCer are highly and specifi-
cally expressed in melanomas and involved in the
control of tumorigenesis (16), we speculated that
GBA2, an enzyme capable of degrading GlcCer (19,
22), may modulate the malignant properties of mela-
noma. Here we describe an unappreciated and novel
role for GBA2 in the control of melanoma cell growth
likely through GlcCer degradation into ceramide lead-
ing to ER-stress and subsequent apoptosis of tumor
cells.
We report that GBA2 expression was downregulated
in human melanoma cells as compared to normal
melanocytes. This might be related to the presence of
tumor-associated mutations in the promoter region or
coding sequence of the GBA2 gene or to some epige-
netic change. Although this hypothesis remains to be
tested, note that the N370S mutation in the GBA1 gene,
which leads to the accumulation of GlcCer in the
lysosomes of GD cells, is associated with an increased
risk to develop solid cancers including melanoma and
hematological malignancies (31, 32). For instance, in a
study of 1525 patients, the relative risk for non-Hodgkin
lymphoma was 2.54, for melanoma 3.07, and for pan-
creas cancer 2.37 (31). The pathogenesis of cancers in
GD has not yet been elucidated although it has been
proposed that the lipid storage that occurs primarily in
monocytic cells and macrophages leads to chronic
stimulation of the immune system and subsequent
lymphoproliferation (32). However, how the accumu-
lation of GlcCer due to GBA1 deficiency (and the
resulting lack of ceramide formation) promotes tumor
development remains to be clarified.
GBA2 belongs to a group of at least 4 mammalian
proteins that have been identified as GlcCer-degrading
glucosidases, including GBA3 and the lactase-phlorizin
hydrolase, which is possibly involved in the digestion of
dietary GlcCer in the small intestine (33). Here we
identified GBA2 as a novel source for ceramide gener-
ation through the catabolism of GlcCer, and demon-
strated its ability to inhibit melanoma tumorigenesis.
Of particular interest was the finding that mutations on
Glu527 (Fig. 2) and Asp677 (data not shown) disrupt-
ing the catalytic activity of GBA2 abolished not only
ceramide formation but also the antiproliferative ef-
fects of the nonlysosomal b-glucosidase on melanoma
cells. Ceramide is a bioactive lipid, emerging as a
proapoptotic (2, 3) but also anti-inflammatory (34)
molecule, which confers antitumor properties to this
metabolite. Ceramide-induced apoptosis has been
linked to the activation of various protein kinases,
phosphatases ,or caspases, and to functional perturba-
tions of multiple organelles, especially mitochondria
and lysosomes (35). Notably, data presented here dem-
onstrate that GBA2 acts as a molecular regulator of
ceramide-mediated apoptosis by affecting ER homeo-
stasis. Other ER-residing proteins involved in SL metab-
olism have recently been shown to regulate the UPR
Figure 5. wt-GBA2 elicits ER stress in melanoma cells.
A375-derived clones, expressing either a wt (GBA2-3)
or catalytically inactive (E527Q) GBA2, were incubated
for the indicated times in the absence or presence of 1
mg/ml doxycycline. A) After 24 h induction, mRNA
levels were determined by quantitative RT-PCR and
normalized to S16 ribosomal protein mRNA. Numbers
indicate the mean 6 se fold increase relative to non-
induced cells. B) Splicing of XBP-1 was assessed by
RT-PCR. C) Equal amounts of cell lysates were resolved
by SDS-PAGE and immunoblotted with the indicated
antibodies and reprobed for b-actin to ensure equal
loading. Left: levels of BiP, p-eIF2a, eIF2a, and p-PERK
normalized to b-actin and relative to noninduced cells.
Right: representative immunoblot for GBA2-3 cells.
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and modulate ER stress (36, 37). For instance, it was
reported that pharmacological inhibition of serine
palmitoyltransferase, the enzyme that catalyzes the first
and rate-limiting step in the de novo formation of
ceramide in the ER, prevented cannabinoid-triggered
ER stress and subsequent autophagic cell death in
human astrocytoma (38). Accordingly, ceramide accu-
mulation in the ER, as a result of inactivation of
COL4A3BP, the gene encoding the ceramide transfer
protein CERT, has been described to promote ER stress
and to sensitize numerous cancer cells to paclitaxel-
induced apoptosis (39). Taken together, these observa-
tions reveal that ceramide can potently induce ER
stress, resulting in cancer cell death. Our data also
demonstrate that GBA2 elevated C16- and more
strongly C24-ceramide levels. How these long- and very
long-chain ceramide species, generated by GBA2,
influence ER stress-triggered apoptosis deserves fur-
ther investigation, as it appears that ceramides with
different N-acyl chain lengths might have distinct
functions in the regulation of tumor progression
and/or growth in a context-dependent manner (40).
For instance, in human head and neck squamous cell
carcinomas, ceramide synthase 6-generated C16-cer-
amide exerted a prosurvival role against ER stress-
induced apoptosis, while ceramide synthase 1-gener-
ated C18-ceramide had the opposite effect (41).
Notably, findings presented here now suggest that
intracellular GlcCer, via GBA2 activation, is a novel
source for the induction of ceramide-mediated ER
stress leading to melanoma cell death. Because GlcCer
synthesis, catalyzed by the GCS, occurs on the cytosolic
leaflet of cis-Golgi membranes, it is tempting to specu-
late that there is a retrograde traffic of GlcCer to the
ER, where it could be degraded by GBA2 to produce
ceramide. FAPP2, a cytoplasmic lipid transferase with
a plekstrin homology domain, is the most likely
candidate involved in this process, since FAPP2 si-
lencing reduced transport of newly synthetized Gl-
cCer to lumen of the ER (42). However, the role of
Figure 6. Induction of apoptotic cell death in wt-GBA2-expressing melanoma cells. A375-derived clones were incubated for the
indicated times in the absence or presence of 1 mg/ml doxycycline. A) GBA2-3 cells were harvested, stained with PI, and DNA
content was analyzed by flow cytometry. Percentages of hypodiploid cells are indicated. Data are the means 6 se of 3
independent experiments. B) GBA2-3 and E527Q cells were incubated for 72 h with or without doxycycline and analyzed by flow
cytometry. Percentages of annexin V-positive cells are indicated (means6se of 5 different experiments). C) Activity of
caspases-3/7. D) PARP processing (representative of 2 independent experiments). E, F) Caspase activation was examined in
GBA2-3 and E527Q cells after treatment with 10 nM scrambled siRNA (Scr) or siRNA against ATF6, IRE1a, and /or PERK alone
or in combination. E) Knockdown efficiency as evaluated by RT-PCR and Western blot. F) Activity of caspases-3/7. Data are
means 6 se of 2 independent experiments performed in triplicate.
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FAPP2 in ceramide-triggered apoptosis still remains
obscure.
Overexpression of GBA2 clinically translated into a
marked reduction of melanoma tumor burden. This
system may have some limitations. The fact that no
more than a 50% decrease was seen in tumor volume
is not totally unexpected. Indeed, only one gene/
protein (i.e., GBA2) in the cancer cell was targeted;
no other protein or component in the tumor mi-
croenvironment, or even the whole organism of the
recipient, was targeted. Second, it is possible that the
oral administration of the inducer did not allow a full
expression of the target gene in the tumor in all
animals at the same time. Third, ceramide is quite
obviously not the unique modulator of melanoma
growth and death (numerous players have already
been described; see, for instance, ref. 43 for a
review). Should a future strategy be based on the
induction of GBA2, inducers of GBA2 gene expres-
sion (such as pharmacological compounds) may not
be specific for melanoma cells, leading to side effects
in other cell types. Thus, alternative strategies aimed
at reducing tumor burden may combine different
approaches: regarding ceramide metabolism in mel-
anoma specifically, local administration of exoge-
nous ceramides, as nanoliposomal formulations (44);
manipulation of CerS expression, pharmacological
inhibition of GCS (13), or/and ceramidases (24),
may represent additional strategies.
The present findings thus identify for the first time
GBA2 as a novel mechanism for the production of
proapoptotic ceramide acting through ER stress. So far,
the generation of a bioactive ceramide has been re-
ported to occur either through stress-induced de novo
biosynthesis or sphingomyelin breakdown (2). Only
one study implicated the nonlysosomal degradation of
GSLs via the plasma membrane sialidase Neu3 in
human fibroblasts (45). A more in-depth analysis of the
molecular mechanisms that regulate GBA2 expression
and its antitumorigenic effects is required to better
understand its role in melanoma progression.
The authors thank N. Therville, S. Carpentier, and the staff
of the animal facilities and the Plateforme d’Experimentation
Fonctionnelle (S. Le Gonidec, A. Desquesnes, and A. Estival)
for technical assistance. This project was supported by Institut
National de la Santé et de la Recherche Médicale (INSERM),
Paul Sabatier University, Pierre-Fabre Dermo-Cosmétique,
Centre Européen de Recherche sur la Peau (Toulouse,
France), and Generalitat de Catalunya (grant 2009SGR-
1072). The authors declare no conflicts of interest.
REFERENCES
1. Lahiri, S., and Futerman, A. H. (2007) The metabolism and
function of sphingolipids and glycosphingolipids. Cell. Mol. Life
Sci. 64, 2270–2284
2. Ogretmen, B., and Hannun, Y. A. (2004) Biologically active
sphingolipids in cancer pathogenesis and treatment. Nat. Rev.
Cancer 4, 604–616
3. Segui, B., Andrieu-Abadie, N., Jaffrezou, J. P., Benoist, H., and
Levade, T. (2006) Sphingolipids as modulators of cancer cell
death: potential therapeutic targets. Biochim. Biophys. Acta 1758,
2104–2120
4. Ryland, L. K., Fox, T. E., Liu, X., Loughran, T. P., and Kester, M.
(2011) Dysregulation of sphingolipid metabolism in cancer.
Cancer Biol. Ther. 11, 138–149
5. Futerman, A. H., and Pagano, R. E. (1991) Determination of the
intracellular sites and topology of glucosylceramide synthesis in
rat liver. Biochem. J. 280, 295–302
6. Uchida, Y., Itoh, M., Taguchi, Y., Yamaoka, S., Umehara, H.,
Ichikawa, S., Hirabayashi, Y., Holleran, W., and Okazaki, T.
(2004) Ceramide reduction and transcriptional up-regulation of
glucosylceramide synthase through doxorubicin-activated Sp1
in drug-resistant HL-60/ADR cells. Cancer Res. 64, 6271–6279
7. Gouaze-Andersson, V., and Cabot, M. C. (2006) Glycosphingo-
lipids and drug resistance. Biochim. Biophys. Acta 1758, 2096–
2103
8. Gouaze, V., Liu, Y. Y., Prickett, C. S., Yu, J. Y., Giuliano, A. E.,
and Cabot, M. C. (2005) Glucosylceramide synthase blockade
down-regulates P-glycoprotein and resensitizes multidrug-resis-
tant breast cancer cells to anticancer drugs. Cancer Res. 65,
3861–3867
9. Liu, Y. Y., Patwardhan, G. A., Bhinge, K., Gupta, V., Gu, X., and
Jazwinski, S. M. (2011) Suppression of glucosylceramide syn-
thase restores p53-dependent apoptosis in mutant p53 cancer
cells. Cancer Res. 71, 2276–2285
10. Sietsma, H., Veldman, R. J., Kolk, D., Ausema, B., Nijhof, W.,
Kamps, W., Vellenga, E., and Kok, J. W. (2000) 1-phenyl-2-
decanoylamino-3-morpholino-1-propanol chemosensitizes neu-
roblastoma cells for taxol and vincristine. Clin. Cancer Res. 6,
942–948
11. Hakomori, S. I. (2010) Glycosynaptic microdomains controlling
tumor cell phenotype through alteration of cell growth, adhe-
sion, and motility. FEBS Lett. 584, 1901–1906
12. Guan, F., Handa, K., and Hakomori, S. I. (2009) Specific
glycosphingolipids mediate epithelial-to-mesenchymal transi-
tion of human and mouse epithelial cell lines. Proc. Natl. Acad.
Sci. U. S. A. 106, 7461–7466
13. Weiss, M., Hettmer, S., Smith, P., and Ladisch, S. (2003)
Inhibition of melanoma tumor growth by a novel inhibitor of
glucosylceramide synthase. Cancer Res. 63, 3654–3658
14. Deng, W., Li, R., and Ladisch, S. (2000) Influence of cellular
ganglioside depletion on tumor formation. J. Natl. Cancer Inst.
92, 912–917
15. Deng, W., Li, R., Guerrera, M., Liu, Y., and Ladisch, S. (2002)
Transfection of glucosylceramide synthase antisense inhibits
mouse melanoma formation. Glycobiology 12, 145–152
16. Lo, A. S., Ma, Q., Liu, D. L., and Junghans, R. P. (2010)
Anti-GD3 chimeric sFv-CD28/T-cell receptor zeta designer T
cells for treatment of metastatic melanoma and other neuroec-
todermal tumors. Clin. Cancer Res. 16, 2769–2780
17. Futerman, A. H., and van Meer, G. (2004) The cell biology of
lysosomal storage disorders. Nat. Rev. Mol. Cell Biol. 5, 554–565
18 Beutler, E., and Grabowski, G. (2001) Gaucher disease. In The
Metabolic and Molecular Bases of Inherited Disease (Scriver, C.,
Beaudet, A., Sly, W., and Valle, D., eds) Vol. 8, pp. 3635–3668,
McGraw-Hill, New York
19. Boot, R. G., Verhoek, M., Donker-Koopman, W., Strijland, A.,
van Marle, J., Overkleeft, H. S., Wennekes, T., and Aerts, J. M.
(2007) Identification of the non-lysosomal glucosylceramidase
as beta-glucosidase 2. J. Biol. Chem. 282, 1305–1312
20. Hayashi, Y., Okino, N., Kakuta, Y., Shikanai, T., Tani, M.,
Narimatsu, H., and Ito, M. (2007) Klotho-related protein is a
novel cytosolic neutral beta-glycosylceramidase. J. Biol. Chem.
282, 30889–30900
21. Yahata, K., Mori, K., Arai, H., Koide, S., Ogawa, Y., Mukoyama,
M., Sugawara, A., Ozaki, S., Tanaka, I., Nabeshima, Y., and
Nakao, K. (2000) Molecular cloning and expression of a novel
klotho-related protein. J. Mol. Med. 78, 389–394
22. Yildiz, Y., Matern, H., Thompson, B., Allegood, J. C., Warren,
R. L., Ramirez, D. M., Hammer, R. E., Hamra, F. K., Matern, S.,
and Russell, D. W. (2006) Mutation of beta-glucosidase 2 causes
glycolipid storage disease and impaired male fertility. J. Clin.
Invest. 116, 2985–2994
23. Colie, S., Van Veldhoven, P. P., Kedjouar, B., Bedia, C., Albinet,
V., Sorli, S. C., Garcia, V., Djavaheri-Mergny, M., Bauvy, C.,
Codogno, P., Levade, T., and Andrieu-Abadie, N. (2009) Dis-
ruption of sphingosine 1-phosphate lyase confers resistance to
9GBA2 PREVENTS MELANOMA TUMORIGENESIS
chemotherapy and promotes oncogenesis through Bcl-2/Bcl-xL
upregulation. Cancer Res. 69, 9346–9353
24. Bedia, C., Casas, J., Andrieu-Abadie, N., Fabrias, G., and Levade,
T. (2011) Acid ceramidase expression modulates the sensitivity
of A375 melanoma cells to dacarbazine. J. Biol. Chem. 286,
28200–28209
25. Salma, Y., Lafont, E., Therville, N., Carpentier, S., Bonnafe,
M. J., Levade, T., Genisson, Y., and Andrieu-Abadie, N. (2009)
The natural marine anhydrophytosphingosine, Jaspine B, in-
duces apoptosis in melanoma cells by interfering with ceramide
metabolism. Biochem. Pharmacol. 78, 477–485
26. Portoukalian, J., Zwingelstein, G., and Dore, J. F. (1979) Lipid
composition of human malignant melanoma tumors at various
levels of malignant growth. Eur. J. Biochem. 94, 19–23
27. Cobucci-Ponzano, B., Aurilia, V., Riccio, G., Henrissat, B.,
Coutinho, P. M., Strazzulli, A., Padula, A., Corsaro, M. M.,
Pieretti, G., Pocsfalvi, G., Fiume, I., Cannio, R., Rossi, M., and
Moracci, M. (2010) A new archaeal beta-glycosidase from Sul-
folobus solfataricus: seeding a novel retaining beta-glycan-specific
glycoside hydrolase family along with the human non-lysosomal
glucosylceramidase GBA2. J. Biol. Chem. 285, 20691–20703
28. Boslem, E., MacIntosh, G., Preston, A. M., Bartley, C., Busch,
A. K., Fuller, M., Laybutt, D. R., Meikle, P. J., and Biden, T. J.
(2011) A lipidomic screen of palmitate-treated MIN6 b-cells
links sphingolipid metabolites with endoplasmic reticulum (ER)
stress and impaired protein trafficking. Biochem. J. 435, 267–276
29. Ron, D., and Walter, P. (2007) Signal integration in the
endoplasmic reticulum unfolded protein response. Nat. Rev.
Mol. Cell Biol. 8, 519–529
30. Kuphal, S., and Bosserhoff, A. (2009) Recent progress in
understanding the pathology of malignant melanoma. J. Pathol.
219, 400–409
31. Landgren, O., Turesson, I., Gridley, G., and Caporaso, N. E.
(2007) Risk of malignant disease among 1525 adult male US
veterans with Gaucher disease. Arch. Intern. Med. 167, 1189–1194
32. Taddei, T. H., Kacena, K. A., Yang, M., Yang, R., Malhotra, A.,
Boxer, M., Aleck, K. A., Rennert, G., Pastores, G. M., and Mistry,
P. K. (2009) The underrecognized progressive nature of N370S
Gaucher disease and assessment of cancer risk in 403 patients.
Am. J. Hematol. 84, 208–214
33. Kobayashi, T., and Suzuki, K. (1981) The glycosylceramidase in
the murine intestine. Purification and substrate specificity. J.
Biol. Chem. 256, 7768–7773
34. Kitatani, K., Sheldon, K., Anelli, V., Jenkins, R. W., Sun, Y.,
Grabowski, G. A., Obeid, L. M., and Hannun, Y. A. (2009) Acid
beta-glucosidase 1 counteracts p38delta-dependent induction of
interleukin-6: possible role for ceramide as an anti-inflammatory
lipid. J. Biol. Chem. 284, 12979–12988
35. Morales, A., Lee, H., Goni, F. M., Kolesnick, R., and Fernandez-
Checa, J. C. (2007) Sphingolipids and cell death. Apoptosis 12,
923–939
36. Sauane, M., Su, Z. Z., Dash, R., Liu, X., Norris, J. S., Sarkar, D.,
Lee, S. G., Allegood, J. C., Dent, P., Spiegel, S., and Fisher, P. B.
(2010) Ceramide plays a prominent role in MDA-7/IL-24-
induced cancer-specific apoptosis. J. Cell. Physiol. 222, 546–555
37. Lepine, S., Allegood, J. C., Park, M., Dent, P., Milstien, S., and
Spiegel, S. (2011) Sphingosine-1-phosphate phosphohydro-
lase-1 regulates ER stress-induced autophagy. Cell Death Differ.
18, 350–361
38. Salazar, M., Carracedo, A., Salanueva, I. J., Hernandez-Tiedra,
S., Lorente, M., Egia, A., Vazquez, P., Blazquez, C., Torres, S.,
Garcia, S., Nowak, J., Fimia, G. M., Piacentini, M., Cecconi, F.,
Pandolfi, P. P., Gonzalez-Feria, L., Iovanna, J. L., Guzman, M.,
Boya, P., and Velasco, G. (2009) Cannabinoid action induces
autophagy-mediated cell death through stimulation of ER stress
in human glioma cells. J. Clin. Invest. 119, 1359–1372
39. Swanton, C., Marani, M., Pardo, O., Warne, P. H., Kelly, G.,
Sahai, E., Elustondo, F., Chang, J., Temple, J., Ahmed, A. A.,
Brenton, J. D., Downward, J., and Nicke, B. (2007) Regulators of
mitotic arrest and ceramide metabolism are determinants of
sensitivity to paclitaxel and other chemotherapeutic drugs.
Cancer Cell 11, 498–512
40. Ponnusamy, S., Meyers-Needham, M., Senkal, C., Saddoughi,
S. A., Sentelle, D., Selvam, S. P., Salas, A., and Ogretmen, B.
(2010) Sphingolipids and cancer: ceramide and sphingosine-1-
phosphate in the regulation of cell death and drug resistance.
Future Oncol. 10, 1603–1624
41. Senkal, C. E., Ponnusamy, S., Manevich, Y., Meyers-Needham,
M., Saddoughi, S. A., Mukhopadyay, A., Dent, P., Bielawski, J.,
and Ogretmen, B. (2011) Alteration of ceramide Synthase
6/C16-ceramide induces activating transcription factor 6-medi-
ated ER-stress and apoptosis via perturbation of cellular Ca12
and ER/Golgi membrane network. J. Biol. Chem. 286, 42446–
42458
42. Halter, D., Neumann, S., van Dijk, S. M., Wolthoorn, J., de
Maziere, A. M., Vieira, O. V., Mattjus, P., Klumperman, J., van
Meer, G., and Sprong, H. (2007) Pre- and post-Golgi transloca-
tion of glucosylceramide in glycosphingolipid synthesis. J. Cell
Biol. 179, 101–115
43. Soengas, M. S., and Lowe, S. W. (2003) Apoptosis and mela-
noma chemoresistance. Oncogene 22, 3138–3151
44. Tran, M. A., Smith, C. D., Kester, M., and Robertson, G. P.
(2008) Combining nanoliposomal ceramide with sorafenib syn-
ergistically inhibits melanoma and breast cancer cell survival to
decrease tumor development. Clin. Cancer Res. 14, 3571–3581
45. Valaperta, R., Chigorno, V., Basso, L., Prinetti, A., Bresciani, R.,
Preti, A., Miyagi, T., and Sonnino, S. (2006) Plasma membrane
production of ceramide from ganglioside GM3 in human
fibroblasts. FASEB J. 20, 1227–1229
Received for publication June 22, 2012.
Accepted for publication October 1, 2012.
10 Vol. 27 February 2013 SORLI ET AL.The FASEB Journal z www.fasebj.org
 273 
 
 
  
 274 
 
  
REFERENCES 
BIBLIOGRAPHIQUES 
 275 
 
Ackermann J, Frutschi M, Kaloulis K, McKee T, Trumpp A, and Beermann F. (2005). Metastasizing 
melanoma formation caused by expression of activated N-RasQ61K on an INK4a-deficient 
background. Cancer Res. 65: 4005–4011. 
Ader I, Brizuela L, Bouquerel P, Malavaud B, and Cuvillier O. (2008). Sphingosine kinase 1: a new 
modulator of hypoxia inducible factor 1alpha during hypoxia in human cancer cells. Cancer 
Res. 68: 8635–8642. 
Ader I, Malavaud B, and Cuvillier O. (2009). When the sphingosine kinase 1/sphingosine 1-phosphate 
pathway meets hypoxia signaling: new targets for cancer therapy. Cancer Res. 69: 3723–
3726. 
Aguilar A, and Saba JD. (2011). Truth and consequences of sphingosine-1-phosphate lyase. Adv. 
Enzyme Regul. [Internet]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/21946005 
Ahmad M, Long JS, Pyne NJ, and Pyne S. (2006). The effect of hypoxia on lipid phosphate receptor 
and sphingosine kinase expression and mitogen-activated protein kinase signaling in human 
pulmonary smooth muscle cells. Prostaglandins Other Lipid Mediat. 79: 278–286. 
Akagi Y, Liu W, Zebrowski B, Xie K, and Ellis LM. (1998). Regulation of vascular endothelial growth 
factor expression in human colon cancer by insulin-like growth factor-I. Cancer Res. 58: 
4008–4014. 
Alderton F, Rakhit S, Kong KC, Palmer T, Sambi B, Pyne S, et al. (2001). Tethering of the platelet-
derived growth factor beta receptor to G-protein-coupled receptors. A novel platform for 
integrative signaling by these receptor classes in mammalian cells. J. Biol. Chem. 276: 28578–
28585. 
Alemany R, Kleuser B, Ruwisch L, Danneberg K, Lass H, Hashemi R, et al. (2001). Depolarisation 
induces rapid and transient formation of intracellular sphingosine-1-phosphate. FEBS Lett. 
509: 239–244. 
Alemany R, van Koppen CJ, Danneberg K, Ter Braak M, and Meyer Zu Heringdorf D. (2007). 
Regulation and functional roles of sphingosine kinases. Naunyn Schmiedebergs Arch. 
Pharmacol. 374: 413–428. 
Alemany R, Sichelschmidt B, zu Heringdorf DM, Lass H, van Koppen CJ, and Jakobs KH. (2000). 
Stimulation of sphingosine-1-phosphate formation by the P2Y(2) receptor in HL-60 cells: 
Ca(2+) requirement and implication in receptor-mediated Ca(2+) mobilization, but not MAP 
kinase activation. Mol. Pharmacol. 58: 491–497. 
Alexander S, and Alexander H. (2011). Lead genetic studies in Dictyostelium discoideum and 
translational studies in human cells demonstrate that sphingolipids are key regulators of 
sensitivity to cisplatin and other anticancer drugs. Semin. Cell Dev. Biol. 22: 97–104. 
Allende ML, Sasaki T, Kawai H, Olivera A, Mi Y, van Echten-Deckert G, et al. (2004). Mice deficient in 
sphingosine kinase 1 are rendered lymphopenic by FTY720. J. Biol. Chem 279: 52487–52492. 
Alvarez SE, Harikumar KB, Hait NC, Allegood J, Strub GM, Kim EY, et al. (2010). Sphingosine-1-
phosphate is a missing cofactor for the E3 ubiquitin ligase TRAF2. Nature 465: 1084–1088. 
Alvarez SE, Milstien S, and Spiegel S. (2007). Autocrine and paracrine roles of sphingosine-1-
phosphate. Trends Endocrinol. Metab. 18: 300–307. 
 276 
 
Ancellin N, Colmont C, Su J, Li Q, Mittereder N, Chae S-S, et al. (2002). Extracellular export of 
sphingosine kinase-1 enzyme. Sphingosine 1-phosphate generation and the induction of 
angiogenic vascular maturation. J. Biol. Chem 277: 6667–6675. 
Anderberg C, Li H, Fredriksson L, Andrae J, Betsholtz C, Li X, et al. (2009). Paracrine signaling by 
platelet-derived growth factor-CC promotes tumor growth by recruitment of cancer-
associated fibroblasts. Cancer Res. 69: 369–378. 
Anelli V, Gault CR, Cheng AB, and Obeid LM. (2008). Sphingosine kinase 1 is up-regulated during 
hypoxia in U87MG glioma cells. Role of hypoxia-inducible factors 1 and 2. J. Biol. Chem. 283: 
3365–3375. 
Anelli V, Gault CR, Snider AJ, and Obeid LM. (2010). Role of sphingosine kinase-1 in 
paracrine/transcellular angiogenesis and lymphangiogenesis in vitro. FASEB J. 24: 2727–2738. 
Aprelikova O, Palla J, Hibler B, Yu X, Greer YE, Yi M, et al. (2012). Silencing of miR-148a in cancer-
associated fibroblasts results in WNT10B-mediated stimulation of tumor cell motility. 
Oncogene [Internet]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/22890324 
Arikawa K, Takuwa N, Yamaguchi H, Sugimoto N, Kitayama J, Nagawa H, et al. (2003). Ligand-
dependent inhibition of B16 melanoma cell migration and invasion via endogenous S1P2 G 
protein-coupled receptor. Requirement of inhibition of cellular RAC activity. J. Biol. Chem. 
278: 32841–32851. 
Arkenau H-T, Kefford R, and Long GV. (2011). Targeting BRAF for patients with melanoma. Br. J. 
Cancer 104: 392–398. 
Artal-Sanz M, and Tavernarakis N. (2009). Prohibitin and mitochondrial biology. Trends Endocrinol. 
Metab. 20: 394–401. 
Asnacios A, Courbon F, Rochaix P, Bauvin E, Cances-Lauwers V, Susini C, et al. (2008). Indium-111-
pentetreotide scintigraphy and somatostatin receptor subtype 2 expression: new prognostic 
factors for malignant well-differentiated endocrine tumors. J. Clin. Oncol. 26: 963–970. 
Autier P, Doré J-F, Eggermont AMM, and Coebergh JW. (2011). Epidemiological evidence that UVA 
radiation is involved in the genesis of cutaneous melanoma. Curr Opin Oncol 23: 189–196. 
Aziz SA, Davies M, Pick E, Zito C, Jilaveanu L, Camp RL, et al. (2009). Phosphatidylinositol-3-kinase as a 
therapeutic target in melanoma. Clin. Cancer Res. 15: 3029–3036. 
Azuma H, Horie S, Muto S, Otsuki Y, Matsumoto K, Morimoto J, et al. (2003). Selective cancer cell 
apoptosis induced by FTY720; evidence for a Bcl-dependent pathway and impairment in ERK 
activity. Anticancer Res. 23: 3183–3193. 
Bagdanoff JT, Donoviel MS, Nouraldeen A, Carlsen M, Jessop TC, Tarver J, et al. (2010). Inhibition of 
sphingosine 1-phosphate lyase for the treatment of rheumatoid arthritis: discovery of (E)-1-
(4-((1R,2S,3R)-1,2,3,4-tetrahydroxybutyl)-1H-imidazol-2-yl)ethanone oxime (LX2931) and 
(1R,2S,3R)-1-(2-(isoxazol-3-yl)-1H-imidazol-4-yl)butane-1,2,3,4-tetraol (LX2932). J. Med. 
Chem. 53: 8650–8662. 
Balthasar S, Bergelin N, Löf C, Vainio M, Andersson S, and Törnquist K. (2008). Interactions between 
sphingosine-1-phosphate and vascular endothelial growth factor signalling in ML-1 follicular 
thyroid carcinoma cells. Endocr. Relat. Cancer 15: 521–534. 
 277 
 
Bandhuvula P, Honbo N, Wang G-Y, Jin Z-Q, Fyrst H, Zhang M, et al. (2011). S1P lyase: a novel 
therapeutic target for ischemia-reperfusion injury of the heart. Am. J. Physiol. Heart Circ. 
Physiol. 300: H1753–1761. 
Bandhuvula P, and Saba JD. (2007). Sphingosine-1-phosphate lyase in immunity and cancer: silencing 
the siren. Trends Mol Med 13: 210–217. 
Bardeesy N, Bastian BC, Hezel A, Pinkel D, DePinho RA, and Chin L. (2001). Dual inactivation of RB and 
p53 pathways in RAS-induced melanomas. Mol. Cell. Biol. 21: 2144–2153. 
Barr RK, Lynn HE, Moretti PAB, Khew-Goodall Y, and Pitson SM. (2008). Deactivation of sphingosine 
kinase 1 by protein phosphatase 2A. J. Biol. Chem. 283: 34994–35002. 
Bartke N, and Hannun YA. (2009). Bioactive sphingolipids: metabolism and function. J. Lipid Res. 50 
Suppl: S91–96. 
Basset P, Okada A, Chenard MP, Kannan R, Stoll I, Anglard P, et al. (1997). Matrix metalloproteinases 
as stromal effectors of human carcinoma progression: therapeutic implications. Matrix Biol. 
15: 535–541. 
Bayerl MG. (2008). Sphingosine kinase 1 protein and mRNA are overexpressed in non-Hodgkin 
lymphomas and are attractive targets for novel pharmacological interventions. Leuk. 
Lymphoma 49: 948–954. 
Baynash AG, Hosoda K, Giaid A, Richardson JA, Emoto N, Hammer RE, et al. (1994). Interaction of 
endothelin-3 with endothelin-B receptor is essential for development of epidermal 
melanocytes and enteric neurons. Cell 79: 1277–1285. 
Becker JC, Houben R, Schrama D, Voigt H, Ugurel S, and Reisfeld RA. (2010). Mouse models for 
melanoma: a personal perspective. Exp. Dermatol. 19: 157–164. 
Bektas M, Allende ML, Lee BG, Chen W, Amar MJ, Remaley AT, et al. (2010). Sphingosine 1-
phosphate lyase deficiency disrupts lipid homeostasis in liver. J. Biol. Chem. 285: 10880–
10889. 
Bektas M, Jolly PS, Müller C, Eberle J, Spiegel S, and Geilen CC. (2005). Sphingosine kinase activity 
counteracts ceramide-mediated cell death in human melanoma cells: role of Bcl-2 
expression. Oncogene 24: 178–187. 
Beljanski V, Knaak C, and Smith CD. (2010). A novel sphingosine kinase inhibitor induces autophagy in 
tumor cells. J. Pharmacol. Exp. Ther. 333: 454–464. 
Beljanski V, Knaak C, Zhuang Y, and Smith CD. (2011).(a). Combined anticancer effects of sphingosine 
kinase inhibitors and sorafenib. Invest New Drugs 29: 1132–1142. 
Beljanski V, Lewis CS, and Smith CD. (2011).(b). Antitumor activity of sphingosine kinase 2 inhibitor 
ABC294640 and sorafenib in hepatocellular carcinoma xenografts. Cancer Biol. Ther. 11: 524–
534. 
Bennett DC, and Medrano EE. (2002). Molecular regulation of melanocyte senescence. Pigment Cell 
Res. 15: 242–250. 
 278 
 
Berkelhammer J, Oxenhandler RW, Hook RR Jr, and Hennessy JM. (1982). Development of a new 
melanoma model in C57BL/6 mice. Cancer Res. 42: 3157–3163. 
Berking C, Takemoto R, Schaider H, Showe L, Satyamoorthy K, Robbins P, et al. (2001). Transforming 
growth factor-beta1 increases survival of human melanoma through stroma remodeling. 
Cancer Res. 61: 8306–8316. 
Bermont L, Lamielle F, Fauconnet S, Esumi H, Weisz A, and Adessi GL. (2000). Regulation of vascular 
endothelial growth factor expression by insulin-like growth factor-I in endometrial 
adenocarcinoma cells. Int. J. Cancer 85: 117–123. 
Bernardini M. (2005). High-resolution mapping of genomic imbalance and identification of gene 
expression profiles associated with differential chemotherapy response in serous epithelial 
ovarian cancer. Neoplasia 7: 603–613. 
Bertolotto C, Lesueur F, Giuliano S, Strub T, de Lichy M, Bille K, et al. (2011). A SUMOylation-defective 
MITF germline mutation predisposes to melanoma and renal carcinoma. Nature 480: 94–98. 
Betito S, and Cuvillier O. (2006). Regulation by sphingosine 1-phosphate of Bax and Bad activities 
during apoptosis in a MEK-dependent manner. Biochem. Biophys. Res. Commun. 340: 1273–
1277. 
Bhowmick NA, Chytil A, Plieth D, Gorska AE, Dumont N, Shappell S, et al. (2004).(a). TGF-beta 
signaling in fibroblasts modulates the oncogenic potential of adjacent epithelia. Science 303: 
848–851. 
Bhowmick NA, Neilson EG, and Moses HL. (2004).(b). Stromal fibroblasts in cancer initiation and 
progression. Nature 432: 332–337. 
Bierie B, and Moses HL. (2006). Tumour microenvironment: TGFbeta: the molecular Jekyll and Hyde 
of cancer. Nat. Rev. Cancer 6: 506–520. 
Billich A, Bornancin F, Dévay P, Mechtcheriakova D, Urtz N, and Baumruker T. (2003). 
Phosphorylation of the immunomodulatory drug FTY720 by sphingosine kinases. J. Biol. 
Chem. 278: 47408–47415. 
Birchmeier C, Birchmeier W, Gherardi E, and Vande Woude GF. (2003). Met, metastasis, motility and 
more. Nat. Rev. Mol. Cell Biol. 4: 915–925. 
Bonnaud S, Niaudet C, Legoux F, Corre I, Delpon G, Saulquin X, et al. (2010). Sphingosine-1-phosphate 
activates the AKT pathway to protect small intestines from radiation-induced endothelial 
apoptosis. Cancer Res. 70: 9905–9915. 
Bonnaud S, Niaudet C, Pottier G, Gaugler M-H, Millour J, Barbet J, et al. (2007). Sphingosine-1-
phosphate protects proliferating endothelial cells from ceramide-induced apoptosis but not 
from DNA damage-induced mitotic death. Cancer Res. 67: 1803–1811. 
Bornfeldt KE, Graves LM, Raines EW, Igarashi Y, Wayman G, Yamamura S, et al. (1995). Sphingosine-
1-phosphate inhibits PDGF-induced chemotaxis of human arterial smooth muscle cells: 
spatial and temporal modulation of PDGF chemotactic signal transduction. J. Cell Biol. 130: 
193–206. 
 279 
 
Borowsky AD, Bandhuvula P, Kumar A, Yoshinaga Y, Nefedov M, Fong LG, et al. (2012). Sphingosine-
1-phosphate lyase expression in embryonic and adult murine tissues. J. Lipid Res. 53: 1920–
1931. 
Boujaoude LC, Bradshaw-Wilder C, Mao C, Cohn J, Ogretmen B, Hannun YA, et al. (2001). Cystic 
fibrosis transmembrane regulator regulates uptake of sphingoid base phosphates and 
lysophosphatidic acid: modulation of cellular activity of sphingosine 1-phosphate. J. Biol. 
Chem. 276: 35258–35264. 
Bradl M, Klein-Szanto A, Porter S, and Mintz B. (1991). Malignant melanoma in transgenic mice. Proc. 
Natl. Acad. Sci. U.S.A. 88: 164–168. 
Brennen WN, Isaacs JT, and Denmeade SR. (2012). Rationale behind targeting fibroblast activation 
protein-expressing carcinoma-associated fibroblasts as a novel chemotherapeutic strategy. 
Mol. Cancer Ther. 11: 257–266. 
Brindley DN, English D, Pilquil C, Buri K, and Ling ZC. (2002). Lipid phosphate phosphatases regulate 
signal transduction through glycerolipids and sphingolipids. Biochim. Biophys. Acta 1582: 33–
44. 
Brinkmann V, Billich A, Baumruker T, Heining P, Schmouder R, Francis G, et al. (2010). Fingolimod 
(FTY720): discovery and development of an oral drug to treat multiple sclerosis. Nat Rev Drug 
Discov 9: 883–897. 
Van Brocklyn JR, Jackson CA, Pearl DK, Kotur MS, Snyder PJ, and Prior TW. (2005). Sphingosine 
kinase-1 expression correlates with poor survival of patients with glioblastoma multiforme: 
roles of sphingosine kinase isoforms in growth of glioblastoma cell lines. J. Neuropathol. Exp. 
Neurol. 64: 695–705. 
Van Brocklyn JR, Young N, and Roof R. (2003). Sphingosine-1-phosphate stimulates motility and 
invasiveness of human glioblastoma multiforme cells. Cancer Lett. 199: 53–60. 
Brocklyn JRV. (2010). Regulation of cancer cell migration and invasion by sphingosine-1-phosphate. 
World J Biol Chem 1: 307–312. 
Brooks PC, Strömblad S, Sanders LC, von Schalscha TL, Aimes RT, Stetler-Stevenson WG, et al. (1996). 
Localization of matrix metalloproteinase MMP-2 to the surface of invasive cells by interaction 
with integrin alpha v beta 3. Cell 85: 683–693. 
Broome Powell M, Gause PR, Hyman P, Gregus J, Lluria-Prevatt M, Nagle R, et al. (1999). Induction of 
melanoma in TPras transgenic mice. Carcinogenesis 20: 1747–1753. 
Bryan L, Paugh BS, Kapitonov D, Wilczynska KM, Alvarez SM, Singh SK, et al. (2008). Sphingosine-1-
phosphate and interleukin-1 independently regulate plasminogen activator inhibitor-1 and 
urokinase-type plasminogen activator receptor expression in glioblastoma cells: implications 
for invasiveness. Mol. Cancer Res. 6: 1469–1477. 
Brychtova S, Bezdekova M, Hirnak J, Sedlakova E, Tichy M, and Brycht T. (2011). Stromal 
Microenvironment Alterations in Malignant Melanoma. In: Murph M, editor. Research on 
Melanoma - A Glimpse into Current Directions and Future Trends. InTech. Available from: 
http://www.intechopen.com/books/howtoreference/research-on-melanoma-a-glimpse-into-
current-directions-and-future-trends/stromal-microenvironment-alterations-in-malignant-
melanoma 
 280 
 
Buehrer BM, Bardes ES, and Bell RM. (1996). Protein kinase C-dependent regulation of human 
erythroleukemia (HEL) cell sphingosine kinase activity. Biochim. Biophys. Acta 1303: 233–242. 
Bush JA, and Li G. (2003). The role of Bcl-2 family members in the progression of cutaneous 
melanoma. Clin. Exp. Metastasis 20: 531–539. 
Camps JL, Chang SM, Hsu TC, Freeman MR, Hong SJ, Zhau HE, et al. (1990). Fibroblast-mediated 
acceleration of human epithelial tumor growth in vivo. Proc. Natl. Acad. Sci. U.S.A. 87: 75–79. 
Carmeliet P, and Jain RK. (2011). Molecular mechanisms and clinical applications of angiogenesis. 
Nature 473: 298–307. 
Cattoretti G, Mandelbaum J, Lee N, Chaves AH, Mahler AM, Chadburn A, et al. (2009). Targeted 
disruption of the S1P2 sphingosine 1-phosphate receptor gene leads to diffuse large B-cell 
lymphoma formation. Cancer Res. 69: 8686–8692. 
Chae S-S, Paik J-H, Furneaux H, and Hla T. (2004). Requirement for sphingosine 1-phosphate 
receptor-1 in tumor angiogenesis demonstrated by in vivo RNA interference. J. Clin. Invest. 
114: 1082–1089. 
Chan H, and Pitson SM. (2012). Post-translational regulation of sphingosine kinases. Biochim. 
Biophys. Acta. 
Chang C-L, Ho M-C, Lee P-H, Hsu C-Y, Huang W-P, and Lee H. (2009). S1P(5) is required for 
sphingosine 1-phosphate-induced autophagy in human prostate cancer PC-3 cells. Am. J. 
Physiol., Cell Physiol. 297: C451–458. 
Chantrain C, and DeClerck YA. (2002). The matrix metalloproteinases and their synthetic inhibitors in 
tumor   progression. M S-Med. Sci. 18: 565–575. 
Chapman PB, Hauschild A, Robert C, Haanen JB, Ascierto P, Larkin J, et al. (2011). Improved survival 
with vemurafenib in melanoma with BRAF V600E mutation. N. Engl. J. Med. 364: 2507–2516. 
Chatelain C, Ciarletta P, and Ben Amar M. (2011). Morphological changes in early melanoma 
development: influence of nutrients, growth inhibitors and cell-adhesion mechanisms. J. 
Theor. Biol. 290: 46–59. 
Chawla R, Procknow JA, Tantravahi RV, Khurana JS, Litvin J, and Reddy EP. (2010). Cooperativity of 
Cdk4R24C and Ras in melanoma development. Cell Cycle 9: 3305–3314. 
Chen S, Zhu H, Wetzel WJ, and Philbert MA. (1996). Spontaneous melanocytosis in transgenic mice. J. 
Invest. Dermatol. 106: 1145–1151. 
Chen WV, Delrow J, Corrin PD, Frazier JP, and Soriano P. (2004). Identification and validation of PDGF 
transcriptional targets by microarray-coupled gene-trap mutagenesis. Nat. Genet. 36: 304–
312. 
Chi H, and Flavell RA. (2005). Cutting edge: regulation of T cell trafficking and primary immune 
responses by sphingosine 1-phosphate receptor 1. J. Immunol. 174: 2485–2488. 
Chi H. (2011). Sphingosine-1-phosphate and immune regulation: trafficking and beyond. Trends 
Pharmacol. Sci. 32: 16–24. 
 281 
 
Chiba Y, Takeuchi H, Sakai H, and Misawa M. (2010). SKI-II, an inhibitor of sphingosine kinase, 
ameliorates antigen-induced bronchial smooth muscle hyperresponsiveness, but not airway 
inflammation, in mice. J. Pharmacol. Sci. 114: 304–310. 
Chin L, Garraway LA, and Fisher DE. (2006). Malignant melanoma: genetics and therapeutics in the 
genomic era. Genes Dev. 20: 2149–2182. 
Chin L, Pomerantz J, Polsky D, Jacobson M, Cohen C, Cordon-Cardo C, et al. (1997). Cooperative 
effects of INK4a and ras in melanoma susceptibility in vivo. Genes Dev. 11: 2822–2834. 
Chin L, Tam A, Pomerantz J, Wong M, Holash J, Bardeesy N, et al. (1999). Essential role for oncogenic 
Ras in tumour maintenance. Nature 400: 468–472. 
Chipuk JE, McStay GP, Bharti A, Kuwana T, Clarke CJ, Siskind LJ, et al. (2012). Sphingolipid metabolism 
cooperates with BAK and BAX to promote the mitochondrial pathway of apoptosis. Cell 148: 
988–1000. 
Choi JW, Gardell SE, Herr DR, Rivera R, Lee C-W, Noguchi K, et al. (2011).(a). FTY720 (fingolimod) 
efficacy in an animal model of multiple sclerosis requires astrocyte sphingosine 1-phosphate 
receptor 1 (S1P1) modulation. Proc. Natl. Acad. Sci. U.S.A. 108: 751–756. 
Choi KY, Chang K, Pickel JM, Badger JD 2nd, and Roche KW. (2011).(b). Expression of the 
metabotropic glutamate receptor 5 (mGluR5) induces melanoma in transgenic mice. Proc. 
Natl. Acad. Sci. U.S.A. 108: 15219–15224. 
Christensen JG, Burrows J, and Salgia R. (2005). c-Met as a target for human cancer and 
characterization of inhibitors for therapeutic intervention. Cancer Lett. 225: 1–26. 
Christoffersen C, Obinata H, Kumaraswamy SB, Galvani S, Ahnström J, Sevvana M, et al. (2011). 
Endothelium-protective sphingosine-1-phosphate provided by HDL-associated 
apolipoprotein M. Proc. Natl. Acad. Sci. U.S.A. 108: 9613–9618. 
Chudnovsky Y, Khavari PA, and Adams AE. (2005). Melanoma genetics and the development of 
rational therapeutics. J. Clin. Invest. 115: 813–824. 
Chun J, Hla T, Lynch KR, Spiegel S, and Moolenaar WH. (2010). International Union of Basic and 
Clinical Pharmacology. LXXVIII. Lysophospholipid receptor nomenclature. Pharmacol. Rev. 62: 
579–587. 
Chung S. (2012). Basal Cell Carcinoma. Archives of Plastic Surgery 39: 166. 
Cirri P, and Chiarugi P. (2012). Cancer-associated-fibroblasts and tumour cells: a diabolic liaison 
driving cancer progression. Cancer Metastasis Rev. 31: 195–208. 
Colié S, Van Veldhoven PP, Kedjouar B, Bedia C, Albinet V, Sorli S-C, et al. (2009). Disruption of 
sphingosine 1-phosphate lyase confers resistance to chemotherapy and promotes 
oncogenesis through Bcl-2/Bcl-xL upregulation. Cancer Res 69: 9346–9353. 
Contassot E, Jankovic D, Schuler P, Preynat-Seauve O, Gehrke S, Kerl K, et al. (2012). Carcinogen 
treatment in mouse selectively expressing activated N-Ras Q61K in melanocytes 
recapitulates metastatic cutaneous melanoma development. Pigment Cell Melanoma Res 25: 
275–278. 
 282 
 
Cooper M, and Pinkus H. (1977). Intrauterine transplantation of rat basal cell carcinoma as a model 
for reconversion of malignant to benign growth. Cancer Res. 37: 2544–2552. 
Cunningham CC. (2007). Talabostat. Expert Opin Investig Drugs 16: 1459–1465. 
Curtin JA, Fridlyand J, Kageshita T, Patel HN, Busam KJ, Kutzner H, et al. (2005). Distinct sets of 
genetic alterations in melanoma. N. Engl. J. Med. 353: 2135–2147. 
Cuvillier O, and Levade T. (2001). Sphingosine 1-phosphate antagonizes apoptosis of human leukemia 
cells by inhibiting release of cytochrome c and Smac/DIABLO from mitochondria. Blood 98: 
2828–2836. 
Cuvillier O, Pirianov G, Kleuser B, Vanek PG, Coso OA, Gutkind S, et al. (1996). Suppression of 
ceramide-mediated programmed cell death by sphingosine-1-phosphate. Nature 381: 800–
803. 
Daido S, Kanzawa T, Yamamoto A, Takeuchi H, Kondo Y, and Kondo S. (2004). Pivotal role of the cell 
death factor BNIP3 in ceramide-induced autophagic cell death in malignant glioma cells. 
Cancer Res. 64: 4286–4293. 
Damsky WE Jr, and Bosenberg M. (2010). Mouse melanoma models and cell lines. Pigment Cell 
Melanoma Res 23: 853–859. 
Danen EH, Ten Berge PJ, Van Muijen GN, Van  ’t Hof-Grootenboer AE, Bröcker EB, and Ruiter DJ. 
(1994). Emergence of alpha 5 beta 1 fibronectin- and alpha v beta 3 vitronectin-receptor 
expression in melanocytic tumour progression. Histopathology 24: 249–256. 
Dankort D, Curley DP, Cartlidge RA, Nelson B, Karnezis AN, Damsky WE Jr, et al. (2009). Braf(V600E) 
cooperates with Pten loss to induce metastatic melanoma. Nat. Genet. 41: 544–552. 
Dannenberg J-H, David G, Zhong S, van der Torre J, Wong WH, and Depinho RA. (2005). mSin3A 
corepressor regulates diverse transcriptional networks governing normal and neoplastic 
growth and survival. Genes Dev. 19: 1581–1595. 
DeCosse JJ, Gossens C, Kuzma JF, and Unsworth BR. (1975). Embryonic inductive tissues that cause 
histologic differentiation of murine mammary carcinoma in vitro. J. Natl. Cancer Inst. 54: 
913–922. 
DeCosse JJ, Gossens CL, Kuzma JF, and Unsworth BR. (1973). Breast cancer: induction of 
differentiation by embryonic tissue. Science 181: 1057–1058. 
Delmas V, Beermann F, Martinozzi S, Carreira S, Ackermann J, Kumasaka M, et al. (2007). Beta-
catenin induces immortalization of melanocytes by suppressing p16INK4a expression and 
cooperates with N-Ras in melanoma development. Genes Dev. 21: 2923–2935. 
Delon C, Manifava M, Wood E, Thompson D, Krugmann S, Pyne S, et al. (2004). Sphingosine kinase 1 
is an intracellular effector of phosphatidic acid. J. Biol. Chem. 279: 44763–44774. 
Deng J, Liu Y, Lee H, Herrmann A, Zhang W, Zhang C, et al. (2012). S1PR1-STAT3 signaling is crucial for 
myeloid cell colonization at future metastatic sites. Cancer Cell 21: 642–654. 
Desgrosellier JS, and Cheresh DA. (2010). Integrins in cancer: biological implications and therapeutic 
opportunities. Nat. Rev. Cancer 10: 9–22. 
 283 
 
Devine KM, Smicun Y, Hope JM, and Fishman DA. (2008). S1P induced changes in epithelial ovarian 
cancer proteolysis, invasion, and attachment are mediated by Gi and Rac. Gynecol. Oncol. 
110: 237–245. 
Dhomen N, Reis-Filho JS, da Rocha Dias S, Hayward R, Savage K, Delmas V, et al. (2009). Oncogenic 
Braf induces melanocyte senescence and melanoma in mice. Cancer Cell 15: 294–303. 
Ding G, Sonoda H, Yu H, Kajimoto T, Goparaju SK, Jahangeer S, et al. (2007). Protein kinase D-
mediated phosphorylation and nuclear export of sphingosine kinase 2. J. Biol. Chem. 282: 
27493–27502. 
Direkze NC, Hodivala-Dilke K, Jeffery R, Hunt T, Poulsom R, Oukrif D, et al. (2004). Bone marrow 
contribution to tumor-associated myofibroblasts and fibroblasts. Cancer Res. 64: 8492–8495. 
Döll F, Pfeilschifter J, and Huwiler A. (2007). Prolactin upregulates sphingosine kinase-1 expression 
and activity in the human breast cancer cell line MCF7 and triggers enhanced proliferation 
and migration. Endocr. Relat. Cancer 14: 325–335. 
Don AS, and Rosen H. (2009). A lipid binding domain in sphingosine kinase 2. Biochem. Biophys. Res. 
Commun. 380: 87–92. 
Dong J, Grunstein J, Tejada M, Peale F, Frantz G, Liang W-C, et al. (2004). VEGF-null cells require 
PDGFR alpha signaling-mediated stromal fibroblast recruitment for tumorigenesis. EMBO J. 
23: 2800–2810. 
Dorsky RI, Moon RT, and Raible DW. (1998). Control of neural crest cell fate by the Wnt signalling 
pathway. Nature 396: 370–373. 
Dovey M, White RM, and Zon LI. (2009). Oncogenic NRAS cooperates with p53 loss to generate 
melanoma in zebrafish. Zebrafish 6: 397–404. 
Drabsch Y, and Ten Dijke P. (2012). TGF-β signalling and its role in cancer progression and metastasis. 
Cancer metastasis reviews [Internet]. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/22714591 
Dudley ME, Yang JC, Sherry R, Hughes MS, Royal R, Kammula U, et al. (2008). Adoptive cell therapy 
for patients with metastatic melanoma: evaluation of intensive myeloablative 
chemoradiation preparative regimens. J. Clin. Oncol. 26: 5233–5239. 
Dvorak HF. (1986). Tumors: wounds that do not heal. Similarities between tumor stroma generation 
and wound healing. N. Engl. J. Med. 315: 1650–1659. 
Eggermont AMM, and Robert C. (2011). New drugs in melanoma: it’s a whole new world. Eur. J. 
Cancer 47: 2150–2157. 
Elenbaas B, Spirio L, Koerner F, Fleming MD, Zimonjic DB, Donaher JL, et al. (2001). Human breast 
cancer cells generated by oncogenic transformation of primary mammary epithelial cells. 
Genes Dev. 15: 50–65. 
Elias PM, and Menon GK. (1991). Structural and lipid biochemical correlates of the epidermal 
permeability barrier. Adv. Lipid Res. 24: 1–26. 
 284 
 
Epstein JH, Epstein WL, and Nakai T. (1967). Production of melanomas from DMBA-induced ‘blue 
nevi’ in hairless mice with ultraviolet light. J. Natl. Cancer Inst. 38: 19–30. 
von Felbert V, Córdoba F, Weissenberger J, Vallan C, Kato M, Nakashima I, et al. (2005). Interleukin-6 
gene ablation in a transgenic mouse model of malignant skin melanoma. Am. J. Pathol. 166: 
831–841. 
Felding-Habermann B, Fransvea E, O’Toole TE, Manzuk L, Faha B, and Hensler M. (2002). Involvement 
of tumor cell integrin alpha v beta 3 in hematogenous metastasis of human melanoma cells. 
Clin. Exp. Metastasis 19: 427–436. 
Ferguson B, Konrad Muller H, Handoko HY, Khosrotehrani K, Beermann F, Hacker E, et al. (2010). 
Differential roles of the pRb and Arf/p53 pathways in murine naevus and melanoma genesis. 
Pigment Cell & Melanoma Research 23: 771–780. 
Flach EH, Rebecca VW, Herlyn M, Smalley KSM, and Anderson ARA. (2011). Fibroblasts contribute to 
melanoma tumor growth and drug resistance. Mol. Pharm. 8: 2039–2049. 
Flaherty KT. (2012). Targeting Metastatic Melanoma. Annual Review of Medicine 63: 171–183. 
Forrest M, Sun S-Y, Hajdu R, Bergstrom J, Card D, Doherty G, et al. (2004). Immune cell regulation and 
cardiovascular effects of sphingosine 1-phosphate receptor agonists in rodents are mediated 
via distinct receptor subtypes. J. Pharmacol. Exp. Ther. 309: 758–768. 
Forsberg K, Valyi-Nagy I, Heldin CH, Herlyn M, and Westermark B. (1993). Platelet-derived growth 
factor (PDGF) in oncogenesis: development of a vascular connective tissue stroma in 
xenotransplanted human melanoma producing PDGF-BB. Proc. Natl. Acad. Sci. U.S.A. 90: 
393–397. 
French KJ, Schrecengost RS, Lee BD, Zhuang Y, Smith SN, Eberly JL, et al. (2003). Discovery and 
evaluation of inhibitors of human sphingosine kinase. Cancer Res. 63: 5962–5969. 
French KJ, Upson JJ, Keller SN, Zhuang Y, Yun JK, and Smith CD. (2006). Antitumor activity of 
sphingosine kinase inhibitors. J. Pharmacol. Exp. Ther. 318: 596–603. 
French KJ, Zhuang Y, Maines LW, Gao P, Wang W, Beljanski V, et al. (2010). Pharmacology and 
antitumor activity of ABC294640, a selective inhibitor of sphingosine kinase-2. J. Pharmacol. 
Exp. Ther. 333: 129–139. 
Fujita T, Okada T, Hayashi S, Jahangeer S, Miwa N, and Nakamura S. (2004). Delta-catenin/NPRAP 
(neural plakophilin-related armadillo repeat protein) interacts with and activates sphingosine 
kinase 1. Biochem. J. 382: 717–723. 
Fujiwara Y, Osborne DA, Walker MD, Wang D, Bautista DA, Liliom K, et al. (2007). Identification of the 
hydrophobic ligand binding pocket of the S1P1 receptor. J. Biol. Chem. 282: 2374–2385. 
Fukuda Y, Aoyama Y, Wada A, and Igarashi Y. (2004). Identification of PECAM-1 association with 
sphingosine kinase 1 and its regulation by agonist-induced phosphorylation. Biochim. 
Biophys. Acta 1636: 12–21. 
Fukuda Y, Kihara A, and Igarashi Y. (2003). Distribution of sphingosine kinase activity in mouse 
tissues: contribution of SPHK1. Biochem. Biophys. Res. Commun 309: 155–160. 
 285 
 
Fukumura D, Xavier R, Sugiura T, Chen Y, Park EC, Lu N, et al. (1998). Tumor induction of VEGF 
promoter activity in stromal cells. Cell 94: 715–725. 
Furuhashi M, Sjöblom T, Abramsson A, Ellingsen J, Micke P, Li H, et al. (2004). Platelet-derived growth 
factor production by B16 melanoma cells leads to increased pericyte abundance in tumors 
and an associated increase in tumor growth rate. Cancer Res. 64: 2725–2733. 
Futerman AH, and Hannun YA. (2004). The complex life of simple sphingolipids. EMBO Rep. 5: 777–
782. 
Fuyuhiro Y, Yashiro M, Noda S, Matsuoka J, Hasegawa T, Kato Y, et al. (2012). Cancer-associated 
orthotopic myofibroblasts stimulates the motility of gastric carcinoma cells. Cancer Sci. 103: 
797–805. 
Fyrst H, and Saba JD. (2010). An update on sphingosine-1-phosphate and other sphingolipid 
mediators. Nat Chem Biol 6: 489–497. 
Fyrst H, and Saba JD. (2008). Sphingosine-1-phosphate lyase in development and disease: 
sphingolipid metabolism takes flight. Biochim. Biophys. Acta 1781: 448–458. 
Gallagher PG, Bao Y, Prorock A, Zigrino P, Nischt R, Politi V, et al. (2005). Gene expression profiling 
reveals cross-talk between melanoma and fibroblasts: implications for host-tumor 
interactions in metastasis. Cancer Res. 65: 4134–4146. 
Gamble JR, and Vadas MA. (1988). Endothelial adhesiveness for blood neutrophils is inhibited by 
transforming growth factor-beta. Science 242: 97–99. 
Gandini S, Sera F, Cattaruzza MS, Pasquini P, Abeni D, Boyle P, et al. (2005).(a). Meta-analysis of risk 
factors for cutaneous melanoma: I. Common and atypical naevi. Eur. J. Cancer 41: 28–44. 
Gandini S, Sera F, Cattaruzza MS, Pasquini P, Zanetti R, Masini C, et al. (2005).(b). Meta-analysis of 
risk factors for cutaneous melanoma: III. Family history, actinic damage and phenotypic 
factors. Eur. J. Cancer 41: 2040–2059. 
Gao P, and Smith CD. (2011). Ablation of sphingosine kinase-2 inhibits tumor cell proliferation and 
migration. Mol. Cancer Res. 9: 1509–1519. 
Gault CR, Eblen ST, Neumann CA, Hannun YA, and Obeid LM. (2012). Oncogenic K-Ras Regulates 
Bioactive Sphingolipids in a Sphingosine Kinase 1 Dependent Manner. The Journal of 
biological chemistry [Internet]. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/22833671 
Gault CR, Obeid LM, and Hannun YA. (2010). An overview of sphingolipid metabolism: from synthesis 
to breakdown. Adv. Exp. Med. Biol. 688: 1–23. 
Gellings Lowe N, Swaney JS, Moreno KM, and Sabbadini RA. (2009). Sphingosine-1-phosphate and 
sphingosine kinase are critical for transforming growth factor-beta-stimulated collagen 
production by cardiac fibroblasts. Cardiovasc. Res. 82: 303–312. 
Girouard SD, and Murphy GF. (2011). Melanoma stem cells: not rare, but well done. Laboratory 
Investigation 91: 647–664. 
 286 
 
Giuliano S, Cheli Y, Ohanna M, Bonet C, Beuret L, Bille K, et al. (2010). Microphthalmia-associated 
transcription factor controls the DNA damage response and a lineage-specific senescence 
program in melanomas. Cancer Res. 70: 3813–3822. 
Giussani P, Maceyka M, Le Stunff H, Mikami A, Lépine S, Wang E, et al. (2006). Sphingosine-1-
phosphate phosphohydrolase regulates endoplasmic reticulum-to-golgi trafficking of 
ceramide. Mol. Cell. Biol. 26: 5055–5069. 
Gleave M, Hsieh JT, Gao CA, von Eschenbach AC, and Chung LW. (1991). Acceleration of human 
prostate cancer growth in vivo by factors produced by prostate and bone fibroblasts. Cancer 
Res. 51: 3753–3761. 
Goel VK, Ibrahim N, Jiang G, Singhal M, Fee S, Flotte T, et al. (2009). Melanocytic nevus-like 
hyperplasia and melanoma in transgenic BRAFV600E mice. Oncogene 28: 2289–2298. 
Gonzalez-Cabrera PJ, Jo E, Sanna MG, Brown S, Leaf N, Marsolais D, et al. (2008). Full 
pharmacological efficacy of a novel S1P1 agonist that does not require S1P-like headgroup 
interactions. Mol. Pharmacol. 74: 1308–1318. 
Goodemote KA, Mattie ME, Berger A, and Spiegel S. (1995). Involvement of a pertussis toxin-sensitive 
G protein in the mitogenic signaling pathways of sphingosine 1-phosphate. J. Biol. Chem. 270: 
10272–10277. 
Grabski AD, Shimizu T, Deou J, Mahoney WM Jr, Reidy MA, and Daum G. (2009). Sphingosine-1-
phosphate receptor-2 regulates expression of smooth muscle alpha-actin after arterial injury. 
Arterioscler. Thromb. Vasc. Biol. 29: 1644–1650. 
Gräler MH, and Goetzl EJ. (2004). The immunosuppressant FTY720 down-regulates sphingosine 1-
phosphate G-protein-coupled receptors. FASEB J. 18: 551–553. 
Griner EM, and Kazanietz MG. (2007). Protein kinase C and other diacylglycerol effectors in cancer. 
Nat. Rev. Cancer 7: 281–294. 
Grossman D, and Altieri DC. (2001). Drug resistance in melanoma: mechanisms, apoptosis, and new 
potential therapeutic targets. Cancer Metastasis Rev. 20: 3–11. 
Grum-Schwensen B, Klingelhofer J, Berg CH, El-Naaman C, Grigorian M, Lukanidin E, et al. (2005). 
Suppression of tumor development and metastasis formation in mice lacking the 
S100A4(mts1) gene. Cancer Res. 65: 3772–3780. 
Guo L, and Wang X. (2012). Crosstalk between Phospholipase D and Sphingosine Kinase in Plant 
Stress Signaling. Front Plant Sci 3: 51. 
Ha L, Ichikawa T, Anver M, Dickins R, Lowe S, Sharpless NE, et al. (2007). ARF functions as a 
melanoma tumor suppressor by inducing p53-independent senescence. Proc. Natl. Acad. Sci. 
U.S.A. 104: 10968–10973. 
Hacker E, Irwin N, Muller HK, Powell MB, Kay G, Hayward N, et al. (2005). Neonatal ultraviolet 
radiation exposure is critical for malignant melanoma induction in pigmented Tpras 
transgenic mice. J. Invest. Dermatol. 125: 1074–1077. 
 287 
 
Hacker E, Muller HK, Irwin N, Gabrielli B, Lincoln D, Pavey S, et al. (2006). Spontaneous and UV 
radiation-induced multiple metastatic melanomas in Cdk4R24C/R24C/TPras mice. Cancer 
Res. 66: 2946–2952. 
Hait NC, Allegood J, Maceyka M, Strub GM, Harikumar KB, Singh SK, et al. (2009). Regulation of 
histone acetylation in the nucleus by sphingosine-1-phosphate. Science 325: 1254–1257. 
Hait NC, Bellamy A, Milstien S, Kordula T, and Spiegel S. (2007). Sphingosine kinase type 2 activation 
by ERK-mediated phosphorylation. J. Biol. Chem. 282: 12058–12065. 
Hait NC, Sarkar S, Le Stunff H, Mikami A, Maceyka M, Milstien S, et al. (2005). Role of sphingosine 
kinase 2 in cell migration toward epidermal growth factor. J. Biol. Chem. 280: 29462–29469. 
Hanada K, Kumagai K, Yasuda S, Miura Y, Kawano M, Fukasawa M, et al. (2003). Molecular machinery 
for non-vesicular trafficking of ceramide. Nature 426: 803–809. 
Hänel P, Andréani P, and Gräler MH. (2007). Erythrocytes store and release sphingosine 1-phosphate 
in blood. FASEB J. 21: 1202–1209. 
Hannun YA, and Obeid LM. (2008). Principles of bioactive lipid signalling: lessons from sphingolipids. 
Nat. Rev. Mol. Cell Biol. 9: 139–150. 
Hasebe T, Sasaki S, Imoto S, Mukai K, Yokose T, and Ochiai A. (2002). Prognostic significance of 
fibrotic focus in invasive ductal carcinoma of the breast: a prospective observational study. 
Mod. Pathol. 15: 502–516. 
Hasebe T, Tamura N, Okada N, Hojo T, Akashi-Tanaka S, Shimizu C, et al. (2010). p53 expression in 
tumor-stromal fibroblasts is closely associated with the nodal metastasis and outcome of 
patients with invasive ductal carcinoma who received neoadjuvant therapy. Hum. Pathol. 41: 
262–270. 
Hasegawa Y, Suzuki H, Sozen T, Rolland W, and Zhang JH. (2010). Activation of sphingosine 1-
phosphate receptor-1 by FTY720 is neuroprotective after ischemic stroke in rats. Stroke 41: 
368–374. 
Hayashi S, Okada T, Igarashi N, Fujita T, Jahangeer S, and Nakamura S-I. (2002). Identification and 
characterization of RPK118, a novel sphingosine kinase-1-binding protein. J. Biol. Chem. 277: 
33319–33324. 
Heffernan-Stroud LA, Helke KL, Jenkins RW, De Costa A-M, Hannun YA, and Obeid LM. (2012). 
Defining a role for sphingosine kinase 1 in p53-dependent tumors. Oncogene 31: 1166–1175. 
Heidorn SJ, Milagre C, Whittaker S, Nourry A, Niculescu-Duvas I, Dhomen N, et al. (2010). Kinase-
dead BRAF and oncogenic RAS cooperate to drive tumor progression through CRAF. Cell 140: 
209–221. 
Held MA, Curley DP, Dankort D, McMahon M, Muthusamy V, and Bosenberg MW. (2010). 
Characterization of melanoma cells capable of propagating tumors from a single cell. Cancer 
Res. 70: 388–397. 
Hengst JA, Guilford JM, Fox TE, Wang X, Conroy EJ, and Yun JK. (2009). Sphingosine kinase 1 localized 
to the plasma membrane lipid raft microdomain overcomes serum deprivation induced 
growth inhibition. Arch. Biochem. Biophys. 492: 62–73. 
 288 
 
Henriet P, Zhong ZD, Brooks PC, Weinberg KI, and DeClerck YA. (2000). Contact with fibrillar collagen 
inhibits melanoma cell proliferation by up-regulating p27KIP1. Proc. Natl. Acad. Sci. U.S.A. 97: 
10026–10031. 
Heo K, Park K-A, Kim Y-H, Kim S-H, Oh Y-S, Kim I-H, et al. (2009). Sphingosine 1-phosphate induces 
vascular endothelial growth factor expression in endothelial cells. BMB Rep 42: 685–690. 
Herr DR, Fyrst H, Phan V, Heinecke K, Georges R, Harris GL, et al. (2003). Sply regulation of 
sphingolipid signaling molecules is essential for Drosophila development. Development 130: 
2443–2453. 
Hibbs K. (2004). Differential gene expression in ovarian carcinoma: identification of potential 
biomarkers. Am. J. Pathol. 165: 397–314. 
Hill R, Song Y, Cardiff RD, and Van Dyke T. (2005). Selective evolution of stromal mesenchyme with 
p53 loss in response to epithelial tumorigenesis. Cell 123: 1001–1011. 
Hiratsuka S, Nakamura K, Iwai S, Murakami M, Itoh T, Kijima H, et al. (2002). MMP9 induction by 
vascular endothelial growth factor receptor-1 is involved in lung-specific metastasis. Cancer 
Cell 2: 289–300. 
Hisano Y, Kobayashi N, Kawahara A, Yamaguchi A, and Nishi T. (2011). The sphingosine 1-phosphate 
transporter, SPNS2, functions as a transporter of the phosphorylated form of the 
immunomodulating agent FTY720. J. Biol. Chem. 286: 1758–1766. 
Hla T, Lee MJ, Ancellin N, Paik JH, and Kluk MJ. (2001). Lysophospholipids--receptor revelations. 
Science 294: 1875–1878. 
Hla T, and Maciag T. (1990). An abundant transcript induced in differentiating human endothelial 
cells encodes a polypeptide with structural similarities to G-protein-coupled receptors. J. Biol. 
Chem. 265: 9308–9313. 
Hla T. (2003). Signaling and biological actions of sphingosine 1-phosphate. Pharmacol. Res. 47: 401–
407. 
Hobson JP, Rosenfeldt HM, Barak LS, Olivera A, Poulton S, Caron MG, et al. (2001). Role of the 
sphingosine-1-phosphate receptor EDG-1 in PDGF-induced cell motility. Science 291: 1800–
1803. 
Hodi FS, O’Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, et al. (2010). Improved survival 
with ipilimumab in patients with metastatic melanoma. N. Engl. J. Med. 363: 711–723. 
Hoek KS, and Goding CR. (2010). Cancer stem cells versus phenotype-switching in melanoma. 
Pigment Cell Melanoma Res 23: 746–759. 
Hofheinz R-D, al-Batran S-E, Hartmann F, Hartung G, Jäger D, Renner C, et al. (2003). Stromal antigen 
targeting by a humanised monoclonal antibody: an early phase II trial of sibrotuzumab in 
patients with metastatic colorectal cancer. Onkologie 26: 44–48. 
Hofmann UB, Eggert AAO, Blass K, Bröcker E-B, and Becker JC. (2003). Expression of matrix 
metalloproteinases in the microenvironment of spontaneous and experimental melanoma 
metastases reflects the requirements for tumor formation. Cancer Res. 63: 8221–8225. 
 289 
 
Hofmann UB, Houben R, Bröcker E-B, and Becker JC. (2005). Role of matrix metalloproteinases in 
melanoma cell invasion. Biochimie 87: 307–314. 
Hofmann UB, Westphal JR, Van Muijen GN, and Ruiter DJ. (2000).(a). Matrix metalloproteinases in 
human melanoma. J. Invest. Dermatol. 115: 337–344. 
Hofmann UB, Westphal JR, Waas ET, Zendman AJ, Cornelissen IM, Ruiter DJ, et al. (1999). Matrix 
metalloproteinases in human melanoma cell lines and xenografts: increased expression of 
activated matrix metalloproteinase-2 (MMP-2) correlates with melanoma progression. Br. J. 
Cancer 81: 774–782. 
Hofmann UB, Westphal JR, Zendman AJ, Becker JC, Ruiter DJ, and van Muijen GN. (2000).(b). 
Expression and activation of matrix metalloproteinase-2 (MMP-2) and its co-localization with 
membrane-type 1 matrix metalloproteinase (MT1-MMP) correlate with melanoma 
progression. J. Pathol. 191: 245–256. 
Holleran WM, Takagi Y, and Uchida Y. (2006). Epidermal sphingolipids: metabolism, function, and 
roles in skin disorders. FEBS Lett. 580: 5456–5466. 
Holman CD, Armstrong BK, and Heenan PJ. (1983). A theory of the etiology and pathogenesis of 
human cutaneous malignant melanoma. J. Natl. Cancer Inst. 71: 651–656. 
Hornyak TJ, Jiang S, Guzmán EA, Scissors BN, Tuchinda C, He H, et al. (2009). Mitf dosage as a primary 
determinant of melanocyte survival after ultraviolet irradiation. Pigment Cell Melanoma Res 
22: 307–318. 
Hsu M, Andl T, Li G, Meinkoth JL, and Herlyn M. (2000).(a). Cadherin repertoire determines partner-
specific gap junctional communication during melanoma progression. J. Cell. Sci. 113 ( Pt 9): 
1535–1542. 
Hsu M-Y, Meier F, and Herlyn M. (2002). Melanoma development and progression: a conspiracy 
between tumor and host. Differentiation 70: 522–536. 
Hsu MY, Meier FE, Nesbit M, Hsu JY, Van Belle P, Elder DE, et al. (2000).(b). E-cadherin expression in 
melanoma cells restores keratinocyte-mediated growth control and down-regulates 
expression of invasion-related adhesion receptors. Am. J. Pathol. 156: 1515–1525. 
Hsu MY, Wheelock MJ, Johnson KR, and Herlyn M. (1996). Shifts in cadherin profiles between human 
normal melanocytes and melanomas. J. Investig. Dermatol. Symp. Proc. 1: 188–194. 
Huang H-D, Lee T-Y, Tzeng S-W, and Horng J-T. (2005). KinasePhos: a web tool for identifying protein 
kinase-specific phosphorylation sites. Nucleic Acids Res. 33: W226–229. 
Huang Y-L, Huang W-P, and Lee H. (2011). Roles of sphingosine 1-phosphate on tumorigenesis. World 
J Biol Chem 2: 25–34. 
Huijbers IJ, Krimpenfort P, Chomez P, van der Valk MA, Song J-Y, Inderberg-Suso E-M, et al. (2006). 
An inducible mouse model of melanoma expressing a defined tumor antigen. Cancer Res. 66: 
3278–3286. 
Husain Z, Pathak MA, Flotte T, and Wick MM. (1991). Role of ultraviolet radiation in the induction of 
melanocytic tumors in hairless mice following 7,12-dimethylbenz(a)anthracene application 
and ultraviolet irradiation. Cancer Res. 51: 4964–4970. 
 290 
 
Hussein MR. (2005). Transforming growth factor-beta and malignant melanoma: molecular 
mechanisms. J. Cutan. Pathol. 32: 389–395. 
Hutton JJ, Jegga AG, Kong S, Gupta A, Ebert C, Williams S, et al. (2004). Microarray and comparative 
genomics-based identification of genes and gene regulatory regions of the mouse immune 
system. BMC Genomics 5: 82. 
Huwiler A, Bourquin F, Kotelevets N, Pastukhov O, Capitani G, Grütter MG, et al. (2011). A 
prokaryotic S1P lyase degrades extracellular S1P in vitro and in vivo: implication for treating 
hyperproliferative disorders. PLoS ONE 6: e22436. 
Huwiler A, Döll F, Ren S, Klawitter S, Greening A, Römer I, et al. (2006). Histamine increases 
sphingosine kinase-1 expression and activity in the human arterial endothelial cell line EA.hy 
926 by a PKC-alpha-dependent mechanism. Biochim. Biophys. Acta 1761: 367–376. 
Hwang PH, Yi HK, Kim DS, Nam SY, Kim JS, and Lee DY. (2001). Suppression of tumorigenicity and 
metastasis in B16F10 cells by PTEN/MMAC1/TEP1 gene. Cancer Lett. 172: 83–91. 
Ibrahim N, and Haluska FG. (2009). Molecular pathogenesis of cutaneous melanocytic neoplasms. 
Annu Rev Pathol 4: 551–579. 
Igarashi J, Erwin PA, Dantas APV, Chen H, and Michel T. (2003). VEGF induces S1P1 receptors in 
endothelial cells: Implications for cross-talk between sphingolipid and growth factor 
receptors. Proc. Natl. Acad. Sci. U.S.A. 100: 10664–10669. 
Igney FH, and Krammer PH. (2002). Death and anti-death: tumour resistance to apoptosis. Nat. Rev. 
Cancer 2: 277–288. 
Ikeda M, Kihara A, and Igarashi Y. (2004). Sphingosine-1-phosphate lyase SPL is an endoplasmic 
reticulum-resident, integral membrane protein with the pyridoxal 5’-phosphate binding 
domain exposed to the cytosol. Biochem. Biophys. Res. Commun. 325: 338–343. 
Ikeya M, Lee SM, Johnson JE, McMahon AP, and Takada S. (1997). Wnt signalling required for 
expansion of neural crest and CNS progenitors. Nature 389: 966–970. 
Im DS, Heise CE, Ancellin N, O’Dowd BF, Shei GJ, Heavens RP, et al. (2000). Characterization of a 
novel sphingosine 1-phosphate receptor, Edg-8. J. Biol. Chem. 275: 14281–14286. 
Imasawa T, Koike K, Ishii I, Chun J, and Yatomi Y. (2010). Blockade of sphingosine 1-phosphate 
receptor 2 signaling attenuates streptozotocin-induced apoptosis of pancreatic beta-cells. 
Biochem. Biophys. Res. Commun. 392: 207–211. 
Inagaki Y, Pham TT, Fujiwara Y, Kohno T, Osborne DA, Igarashi Y, et al. (2005). Sphingosine 1-
phosphate analogue recognition and selectivity at S1P4 within the endothelial differentiation 
gene family of receptors. Biochem. J. 389: 187–195. 
Inoue-Narita T, Hamada K, Sasaki T, Hatakeyama S, Fujita S, Kawahara K, et al. (2008). Pten deficiency 
in melanocytes results in resistance to hair graying and susceptibility to carcinogen-induced 
melanomagenesis. Cancer Res. 68: 5760–5768. 
Ishii I, Ye X, Friedman B, Kawamura S, Contos JJA, Kingsbury MA, et al. (2002). Marked perinatal 
lethality and cellular signaling deficits in mice null for the two sphingosine 1-phosphate (S1P) 
receptors, S1P(2)/LP(B2)/EDG-5 and S1P(3)/LP(B3)/EDG-3. J. Biol. Chem. 277: 25152–25159. 
 291 
 
Ito H, Yoshida K, Murakami M, Hagiwara K, Sasaki N, Kobayashi M, et al. (2011). Heterogeneous 
sphingosine-1-phosphate lyase gene expression and its regulatory mechanism in human lung 
cancer cell lines. Biochim. Biophys. Acta 1811: 119–128. 
Ito K, Anada Y, Tani M, Ikeda M, Sano T, Kihara A, et al. (2007). Lack of sphingosine 1-phosphate-
degrading enzymes in erythrocytes. Biochem. Biophys. Res. Commun. 357: 212–217. 
Itoh T, Tanioka M, Matsuda H, Nishimoto H, Yoshioka T, Suzuki R, et al. (1999). Experimental 
metastasis is suppressed in MMP-9-deficient mice. Clin. Exp. Metastasis 17: 177–181. 
Iwamoto T, Takahashi M, Ito M, Hamatani K, Ohbayashi M, Wajjwalku W, et al. (1991). Aberrant 
melanogenesis and melanocytic tumour development in transgenic mice that carry a 
metallothionein/ret fusion gene. EMBO J. 10: 3167–3175. 
Janji B, Melchior C, Gouon V, Vallar L, and Kieffer N. (1999). Autocrine TGF-beta-regulated expression 
of adhesion receptors and integrin-linked kinase in HT-144 melanoma cells correlates with 
their metastatic phenotype. Int. J. Cancer 83: 255–262. 
Jarman KE, Moretti PAB, Zebol JR, and Pitson SM. (2010). Translocation of sphingosine kinase 1 to the 
plasma membrane is mediated by calcium- and integrin-binding protein 1. J. Biol. Chem. 285: 
483–492. 
Jarrett SG, Novak M, Harris N, Merlino G, Slominski A, and Kaetzel DM. (2012). NM23 deficiency 
promotes metastasis in a UV radiation-induced mouse model of human melanoma. Clinical & 
experimental metastasis. 
Javelaud D, Alexaki V-I, and Mauviel A. (2008). Transforming growth factor-beta in cutaneous 
melanoma. Pigment Cell Melanoma Res 21: 123–132. 
Jenne CN, Enders A, Rivera R, Watson SR, Bankovich AJ, Pereira JP, et al. (2009). T-bet-dependent 
S1P5 expression in NK cells promotes egress from lymph nodes and bone marrow. J. Exp. 
Med. 206: 2469–2481. 
Jin Z-Q, Goetzl EJ, and Karliner JS. (2004). Sphingosine kinase activation mediates ischemic 
preconditioning in murine heart. Circulation 110: 1980–1989. 
Jo E, Sanna MG, Gonzalez-Cabrera PJ, Thangada S, Tigyi G, Osborne DA, et al. (2005). S1P1-selective 
in vivo-active agonists from high-throughput screening: off-the-shelf chemical probes of 
receptor interactions, signaling, and fate. Chem. Biol. 12: 703–715. 
Johnson KR, Johnson KY, Becker KP, Bielawski J, Mao C, and Obeid LM. (2003). Role of human 
sphingosine-1-phosphate phosphatase 1 in the regulation of intra- and extracellular 
sphingosine-1-phosphate levels and cell viability. J. Biol. Chem. 278: 34541–34547. 
Johnson KR. (2005). Immunohistochemical distribution of sphingosine kinase 1 in normal and tumour 
lung tissue. J. Histochem. Cytochem. 53: 1159–1166. 
Jolly PS, Bektas M, Olivera A, Gonzalez-Espinosa C, Proia RL, Rivera J, et al. (2004). Transactivation of 
sphingosine-1-phosphate receptors by FcepsilonRI triggering is required for normal mast cell 
degranulation and chemotaxis. J. Exp. Med. 199: 959–970. 
Kalluri R, and Zeisberg M. (2006). Fibroblasts in cancer. Nat. Rev. Cancer 6: 392–401. 
 292 
 
Kannan K, Sharpless NE, Xu J, O’Hagan RC, Bosenberg M, and Chin L. (2003). Components of the Rb 
pathway are critical targets of UV mutagenesis in a murine melanoma model. Proc. Natl. 
Acad. Sci. U.S.A. 100: 1221–1225. 
Kano-Sueoka T, Cohen DM, Yamaizumi Z, Nishimura S, Mori M, and Fujiki H. (1979). 
Phosphoethanolamine as a growth factor of a mammary carcinoma cell line of rat. Proc. Natl. 
Acad. Sci. U.S.A. 76: 5741–5744. 
Kaplan RN, Riba RD, Zacharoulis S, Bramley AH, Vincent L, Costa C, et al. (2005). VEGFR1-positive 
haematopoietic bone marrow progenitors initiate the pre-metastatic niche. Nature 438: 
820–827. 
Kariya Y, Kihara A, Ikeda M, Kikuchi F, Nakamura S, Hashimoto S, et al. (2005). Products by the 
sphingosine kinase/sphingosine 1-phosphate (S1P) lyase pathway but not S1P stimulate 
mitogenesis. Genes Cells 10: 605–615. 
Kato M, Liu W, Akhand AA, Hossain K, Takeda K, Takahashi M, et al. (2000). Ultraviolet radiation 
induces both full activation of ret kinase and malignant melanocytic tumor promotion in RFP-
RET-transgenic mice. J. Invest. Dermatol. 115: 1157–1158. 
Kato M, Takahashi M, Akhand AA, Liu W, Dai Y, Shimizu S, et al. (1998). Transgenic mouse model for 
skin malignant melanoma. Oncogene 17: 1885–1888. 
Kawahara A, Nishi T, Hisano Y, Fukui H, Yamaguchi A, and Mochizuki N. (2009). The sphingolipid 
transporter spns2 functions in migration of zebrafish myocardial precursors. Science 323: 
524–527. 
Kawamori T, Kaneshiro T, Okumura M, Maalouf S, Uflacker A, Bielawski J, et al. (2009). Role for 
sphingosine kinase 1 in colon carcinogenesis. FASEB J 23: 405–414. 
Kawamori T, Osta W, Johnson KR, Pettus BJ, Bielawski J, Tanaka T, et al. (2006). Sphingosine kinase 1 
is up-regulated in colon carcinogenesis. FASEB J. 20: 386–388. 
Keller CD, Rivera Gil P, Tölle M, van der Giet M, Chun J, Radeke HH, et al. (2007). Immunomodulator 
FTY720 induces myofibroblast differentiation via the lysophospholipid receptor S1P3 and 
Smad3 signaling. Am. J. Pathol. 170: 281–292. 
Kelsall SR, and Mintz B. (1998). Metastatic cutaneous melanoma promoted by ultraviolet radiation in 
mice with transgene-initiated low melanoma susceptibility. Cancer Res. 58: 4061–4065. 
Kharel Y, Lee S, Snyder AH, Sheasley-O’neill SL, Morris MA, Setiady Y, et al. (2005). Sphingosine kinase 
2 is required for modulation of lymphocyte traffic by FTY720. J. Biol. Chem 280: 36865–
36872. 
Kharel Y, Raje M, Gao M, Gellett AM, Tomsig JL, Lynch KR, et al. (2012). Sphingosine kinase type 2 
inhibition elevates circulating sphingosine 1-phosphate. Biochem. J. 447: 149–157. 
Kiaris H, Chatzistamou I, Trimis G, Frangou-Plemmenou M, Pafiti-Kondi A, and Kalofoutis A. (2005). 
Evidence for nonautonomous effect of p53 tumor suppressor in carcinogenesis. Cancer Res. 
65: 1627–1630. 
 293 
 
Kihara A, Anada Y, and Igarashi Y. (2006). Mouse sphingosine kinase isoforms SPHK1a and SPHK1b 
differ in enzymatic traits including stability, localization, modification, and oligomerization. J. 
Biol. Chem. 281: 4532–4539. 
Kim E-S, Kim J-S, Kim SG, Hwang S, Lee CH, and Moon A. (2011). Sphingosine 1-phosphate regulates 
matrix metalloproteinase-9 expression and breast cell invasion through S1P3-Gαq coupling. J. 
Cell. Sci. 124: 2220–2230. 
Kirkwood JM, Bastholt L, Robert C, Sosman J, Larkin J, Hersey P, et al. (2012). Phase II, open-label, 
randomized trial of the MEK1/2 inhibitor selumetinib as monotherapy versus temozolomide 
in patients with advanced melanoma. Clin. Cancer Res. 18: 555–567. 
Kiss Z, Mukherjee JJ, Crilly KS, and Chung T. (1997). Ethanolamine, but not phosphoethanolamine, 
potentiates the effects of insulin, phosphocholine, and ATP on DNA synthesis in NIH 3T3 
cells--role of mitogen-activated protein-kinase-dependent and protein-kinase-independent 
mechanisms. Eur. J. Biochem. 250: 395–402. 
Klein-Szanto A, Bradl M, Porter S, and Mintz B. (1991). Melanosis and associated tumors in transgenic 
mice. Proc. Natl. Acad. Sci. U.S.A. 88: 169–173. 
Klein-Szanto AJ, Silvers WK, and Mintz B. (1994). Ultraviolet radiation-induced malignant skin 
melanoma in melanoma-susceptible transgenic mice. Cancer Res. 54: 4569–4572. 
Kligman LH, and Elenitsas R. (2001). Melanoma induction in a hairless mouse with short-term 
application of dimethylbenz[a]anthracene. Melanoma Res. 11: 319–324. 
Klionsky DJ, and Emr SD. (2000). Autophagy as a regulated pathway of cellular degradation. Science 
290: 1717–1721. 
Kluk MJ, and Hla T. (2002). Signaling of sphingosine-1-phosphate via the S1P/EDG-family of G-
protein-coupled receptors. Biochim. Biophys. Acta 1582: 72–80. 
Kohno M. (2006). Intracellular role for sphingosine kinase 1 in intestinal adenoma cell proliferation. 
Mol. Cell. Biol. 26: 7211–7223. 
Kono M, Belyantseva IA, Skoura A, Frolenkov GI, Starost MF, Dreier JL, et al. (2007).(a). Deafness and 
stria vascularis defects in S1P2 receptor-null mice. J. Biol. Chem. 282: 10690–10696. 
Kono M, Mi Y, Liu Y, Sasaki T, Allende ML, Wu Y-P, et al. (2004). The sphingosine-1-phosphate 
receptors S1P1, S1P2, and S1P3 function coordinately during embryonic angiogenesis. J. Biol. 
Chem. 279: 29367–29373. 
Kono Y, Nishiuma T, Nishimura Y, Kotani Y, Okada T, Nakamura S-I, et al. (2007).(b). Sphingosine 
kinase 1 regulates differentiation of human and mouse lung fibroblasts mediated by TGF-
beta1. Am. J. Respir. Cell Mol. Biol. 37: 395–404. 
van Koppen CJ, Meyer zu Heringdorf D, Alemany R, and Jakobs KH. (2001). Sphingosine kinase-
mediated calcium signaling by muscarinic acetylcholine receptors. Life Sci. 68: 2535–2540. 
Kothapalli R, Kusmartseva I, and Loughran TP. (2002). Characterization of a human sphingosine-1-
phosphate receptor gene (S1P5) and its differential expression in LGL leukemia. Biochim. 
Biophys. Acta 1579: 117–123. 
 294 
 
Krimpenfort P, Quon KC, Mooi WJ, Loonstra A, and Berns A. (2001). Loss of p16Ink4a confers 
susceptibility to metastatic melanoma in mice. Nature 413: 83–86. 
Krump-Konvalinkova V, Yasuda S, Rubic T, Makarova N, Mages J, Erl W, et al. (2005). Stable knock-
down of the sphingosine 1-phosphate receptor S1P1 influences multiple functions of human 
endothelial cells. Arterioscler. Thromb. Vasc. Biol. 25: 546–552. 
Kumar A, Byun H-S, Bittman R, and Saba JD. (2011). The sphingolipid degradation product trans-2-
hexadecenal induces cytoskeletal reorganization and apoptosis in a JNK-dependent manner. 
Cell. Signal. 23: 1144–1152. 
Kumar A, and Saba JD. (2009). Lyase to live by: sphingosine phosphate lyase as a therapeutic target. 
Expert Opin. Ther. Targets 13: 1013–1025. 
Kumasaka MY, Yajima I, Hossain K, Iida M, Tsuzuki T, Ohno T, et al. (2010). A novel mouse model for 
de novo Melanoma. Cancer Res. 70: 24–29. 
Kunisada T, Lu SZ, Yoshida H, Nishikawa S, Nishikawa S, Mizoguchi M, et al. (1998). Murine cutaneous 
mastocytosis and epidermal melanocytosis induced by keratinocyte expression of transgenic 
stem cell factor. J. Exp. Med. 187: 1565–1573. 
Kunisada T, Yamazaki H, Hirobe T, Kamei S, Omoteno M, Tagaya H, et al. (2000). Keratinocyte 
expression of transgenic hepatocyte growth factor affects melanocyte development, leading 
to dermal melanocytosis. Mech. Dev. 94: 67–78. 
Kuphal S, Bauer R, and Bosserhoff A-K. (2005). Integrin signaling in malignant melanoma. Cancer 
Metastasis Rev. 24: 195–222. 
Kupperman E, An S, Osborne N, Waldron S, and Stainier DY. (2000). A sphingosine-1-phosphate 
receptor regulates cell migration during vertebrate heart development. Nature 406: 192–
195. 
Kurschat P, Zigrino P, Nischt R, Breitkopf K, Steurer P, Klein CE, et al. (1999). Tissue inhibitor of matrix 
metalloproteinase-2 regulates matrix metalloproteinase-2 activation by modulation of 
membrane-type 1 matrix metalloproteinase activity in high and low invasive melanoma cell 
lines. J. Biol. Chem. 274: 21056–21062. 
Lacaná E, Maceyka M, Milstien S, and Spiegel S. (2002). Cloning and characterization of a protein 
kinase A anchoring protein (AKAP)-related protein that interacts with and regulates 
sphingosine kinase 1 activity. J. Biol. Chem. 277: 32947–32953. 
LaMontagne K, Littlewood-Evans A, Schnell C, O’Reilly T, Wyder L, Sanchez T, et al. (2006). 
Antagonism of sphingosine-1-phosphate receptors by FTY720 inhibits angiogenesis and 
tumor vascularization. Cancer Res. 66: 221–231. 
Lan HY. (2011). Diverse roles of TGF-β/Smads in renal fibrosis and inflammation. Int. J. Biol. Sci. 7: 
1056–1067. 
LaPlant KD, and Louzon PD. (2010). Pazopanib: an oral multitargeted tyrosine kinase inhibitor for use 
in renal cell carcinoma. Ann Pharmacother 44: 1054–1060. 
 295 
 
Larue L, Dougherty N, and Mintz B. (1992). Genetic predisposition of transgenic mouse melanocytes 
to melanoma results in malignant melanoma after exposure to a low ultraviolet B intensity 
nontumorigenic for normal melanocytes. Proc. Natl. Acad. Sci. U.S.A. 89: 9534–9538. 
Lavieu G, Scarlatti F, Sala G, Carpentier S, Levade T, Ghidoni R, et al. (2006). Regulation of autophagy 
by sphingosine kinase 1 and its role in cell survival during nutrient starvation. J. Biol. Chem. 
281: 8518–8527. 
Lavieu G, Scarlatti F, Sala G, Levade T, Ghidoni R, Botti J, et al. (2007). Is autophagy the key 
mechanism by which the sphingolipid rheostat controls the cell fate decision? Autophagy 3: 
45–47. 
Lázár-Molnár E, Hegyesi H, Tóth S, and Falus A. (2000). Autocrine and paracrine regulation by 
cytokines and growth factors in melanoma. Cytokine 12: 547–554. 
LeBeau AM, Brennen WN, Aggarwal S, and Denmeade SR. (2009). Targeting the cancer stroma with a 
fibroblast activation protein-activated promelittin protoxin. Mol. Cancer Ther. 8: 1378–1386. 
Leclercq TM, Moretti PAB, Vadas MA, and Pitson SM. (2008). Eukaryotic elongation factor 1A 
interacts with sphingosine kinase and directly enhances its catalytic activity. J. Biol. Chem. 
283: 9606–9614. 
Lederle W, Hartenstein B, Meides A, Kunzelmann H, Werb Z, Angel P, et al. (2010). MMP13 as a 
stromal mediator in controlling persistent angiogenesis in skin carcinoma. Carcinogenesis 31: 
1175–1184. 
Lee JT, and Herlyn M. (2007). Microenvironmental influences in melanoma progression. J. Cell. 
Biochem. 101: 862–872. 
Lee MJ, Van Brocklyn JR, Thangada S, Liu CH, Hand AR, Menzeleev R, et al. (1998). Sphingosine-1-
phosphate as a ligand for the G protein-coupled receptor EDG-1. Science 279: 1552–1555. 
Lee MJ, Thangada S, Claffey KP, Ancellin N, Liu CH, Kluk M, et al. (1999). Vascular endothelial cell 
adherens junction assembly and morphogenesis induced by sphingosine-1-phosphate. Cell 
99: 301–312. 
Lee MJ, Thangada S, Paik JH, Sapkota GP, Ancellin N, Chae SS, et al. (2001). Akt-mediated 
phosphorylation of the G protein-coupled receptor EDG-1 is required for endothelial cell 
chemotaxis. Mol. Cell 8: 693–704. 
Lee Y-S, Choi K-M, Lee S, Sin D-M, Lim Y, Lee Y-M, et al. (2012). Myriocin, a serine 
palmitoyltransferase inhibitor, suppresses tumor growth in a murine melanoma model by 
inhibiting de novo sphingolipid synthesis. Cancer Biol. Ther. 13: 92–100. 
Lépine S, Allegood JC, Edmonds Y, Milstien S, and Spiegel S. (2011).(a). Autophagy induced by 
deficiency of sphingosine-1-phosphate phosphohydrolase 1 is switched to apoptosis by 
calpain-mediated autophagy-related gene 5 (Atg5) cleavage. J. Biol. Chem. 286: 44380–
44390. 
Lépine S, Allegood JC, Park M, Dent P, Milstien S, and Spiegel S. (2011).(b). Sphingosine-1-phosphate 
phosphohydrolase-1 regulates ER stress-induced autophagy. Cell Death Differ. 18: 350–361. 
 296 
 
Lepley D, Paik J-H, Hla T, and Ferrer F. (2005). The G protein-coupled receptor S1P2 regulates 
Rho/Rho kinase pathway to inhibit tumor cell migration. Cancer Res. 65: 3788–3795. 
Li G, Foote C, Alexander S, and Alexander H. (2001).(a). Sphingosine-1-phosphate lyase has a central 
role in the development of Dictyostelium discoideum. Development 128: 3473–3483. 
Li G, Satyamoorthy K, and Herlyn M. (2001).(b). N-cadherin-mediated intercellular interactions 
promote survival and migration of melanoma cells. Cancer Res. 61: 3819–3825. 
Li G, Satyamoorthy K, Meier F, Berking C, Bogenrieder T, and Herlyn M. (2003). Function and 
regulation of melanoma-stromal fibroblast interactions: when seeds meet soil. Oncogene 22: 
3162–3171. 
Li G, Schaider H, Satyamoorthy K, Hanakawa Y, Hashimoto K, and Herlyn M. (2001).(c). 
Downregulation of E-cadherin and Desmoglein 1 by autocrine hepatocyte growth factor 
during melanoma development. Oncogene 20: 8125–8135. 
Li J. (2008). Clinical significance of sphingosine kinase-1 expression in human astrocytomas 
progression and overall patient survival. Clin. Cancer Res. 14: 6996–7003. 
Li L, Fukunaga-Kalabis M, and Herlyn M. (2011). The three-dimensional human skin reconstruct 
model: a tool to study normal skin and melanoma progression. J Vis Exp [Internet]. Available 
from: http://www.ncbi.nlm.nih.gov/pubmed/21847077 
Li M-H, Sanchez T, Yamase H, Hla T, Oo ML, Pappalardo A, et al. (2009).(a). S1P/S1P1 signaling 
stimulates cell migration and invasion in Wilms tumor. Cancer Lett. 276: 171–179. 
Li W, Yu C-P, Xia J, Zhang L, Weng G-X, Zheng H, et al. (2009).(b). Sphingosine kinase 1 is associated 
with gastric cancer progression and poor survival of patients. Clin. Cancer Res. 15: 1393–
1399. 
Li X, Regezi J, Ross FP, Blystone S, Ilić D, Leong SP, et al. (2001).(d). Integrin alphavbeta3 mediates 
K1735 murine melanoma cell motility in vivo and in vitro. J. Cell. Sci. 114: 2665–2672. 
Lin JY, and Fisher DE. (2007). Melanocyte biology and skin pigmentation. Nature 445: 843–850. 
Lindsay CR, Lawn S, Campbell AD, Faller WJ, Rambow F, Mort RL, et al. (2011). P-Rex1 is required for 
efficient melanoblast migration and melanoma metastasis. Nat Commun 2: 555. 
Liu B, Earl HM, Baban D, Shoaibi M, Fabra A, Kerr DJ, et al. (1995). Melanoma cell lines express VEGF 
receptor KDR and respond to exogenously added VEGF. Biochem. Biophys. Res. Commun. 
217: 721–727. 
Liu F, Verin AD, Wang P, Day R, Wersto RP, Chrest FJ, et al. (2001). Differential regulation of 
sphingosine-1-phosphate- and VEGF-induced endothelial cell chemotaxis. Involvement of 
G(ialpha2)-linked Rho kinase activity. Am. J. Respir. Cell Mol. Biol. 24: 711–719. 
Liu H, Sugiura M, Nava VE, Edsall LC, Kono K, Poulton S, et al. (2000).(a). Molecular cloning and 
functional characterization of a novel mammalian sphingosine kinase type 2 isoform. J. Biol. 
Chem 275: 19513–19520. 
Liu H, Toman RE, Goparaju SK, Maceyka M, Nava VE, Sankala H, et al. (2003). Sphingosine kinase type 
2 is a putative BH3-only protein that induces apoptosis. J. Biol. Chem. 278: 40330–40336. 
 297 
 
Liu X, Zhang Q-H, and Yi G-H. (2012). Regulation of metabolism and transport of sphingosine-1-
phosphate in mammalian cells. Mol. Cell. Biochem. 363: 21–33. 
Liu Y, Wada R, Yamashita T, Mi Y, Deng CX, Hobson JP, et al. (2000).(b). Edg-1, the G protein-coupled 
receptor for sphingosine-1-phosphate, is essential for vascular maturation. J. Clin. Invest. 
106: 951–961. 
Lo RS, and Witte ON. (2008). Transforming growth factor-beta activation promotes genetic context-
dependent invasion of immortalized melanocytes. Cancer Res. 68: 4248–4257. 
Long JS, Fujiwara Y, Edwards J, Tannahill CL, Tigyi G, Pyne S, et al. (2010). Sphingosine 1-phosphate 
receptor 4 uses HER2 (ERBB2) to regulate extracellular signal regulated kinase-1/2 in MDA-
MB-453 breast cancer cells. J. Biol. Chem. 285: 35957–35966. 
Loveridge C, Tonelli F, Leclercq T, Lim KG, Long JS, Berdyshev E, et al. (2010). The sphingosine kinase 
1 inhibitor 2-(p-hydroxyanilino)-4-(p-chlorophenyl)thiazole induces proteasomal degradation 
of sphingosine kinase 1 in mammalian cells. J. Biol. Chem. 285: 38841–38852. 
Lynch KR, and Macdonald TL. (2008). Sphingosine 1-phosphate chemical biology. Biochim. Biophys. 
Acta 1781: 508–512. 
MacDougall JR, Bani MR, Lin Y, Muschel RJ, and Kerbel RS. (1999). ‘Proteolytic switching’: opposite 
patterns of regulation of gelatinase B and its inhibitor TIMP-1 during human melanoma 
progression and consequences of gelatinase B overexpression. Br. J. Cancer 80: 504–512. 
Maceyka M, Alvarez SE, Milstien S, and Spiegel S. (2008). Filamin A links sphingosine kinase 1 and 
sphingosine-1-phosphate receptor 1 at lamellipodia to orchestrate cell migration. Mol. Cell. 
Biol. 28: 5687–5697. 
Maceyka M, Harikumar KB, Milstien S, and Spiegel S. (2012). Sphingosine-1-phosphate signaling and 
its role in disease. Trends Cell Biol. 22: 50–60. 
Maceyka M, Nava VE, Milstien S, and Spiegel S. (2004). Aminoacylase 1 is a sphingosine kinase 1-
interacting protein. FEBS Lett. 568: 30–34. 
Maceyka M, Payne SG, Milstien S, and Spiegel S. (2002). Sphingosine kinase, sphingosine-1-
phosphate, and apoptosis. Biochim. Biophys. Acta 1585: 193–201. 
Maceyka M, Sankala H, Hait NC, Le Stunff H, Liu H, Toman R, et al. (2005). SphK1 and SphK2, 
sphingosine kinase isoenzymes with opposing functions in sphingolipid metabolism. J. Biol. 
Chem. 280: 37118–37129. 
MacLennan AJ, Carney PR, Zhu WJ, Chaves AH, Garcia J, Grimes JR, et al. (2001). An essential role for 
the H218/AGR16/Edg-5/LP(B2) sphingosine 1-phosphate receptor in neuronal excitability. 
Eur. J. Neurosci. 14: 203–209. 
Madhunapantula SV, Hengst J, Gowda R, Fox TE, Yun JK, and Robertson GP. (2012). Targeting 
sphingosine kinase-1 to inhibit melanoma. Pigment Cell Melanoma Res 25: 259–274. 
Madhunapantula SV, and Robertson GP. (2009). The PTEN-AKT3 signaling cascade as a therapeutic 
target in melanoma. Pigment Cell Melanoma Res 22: 400–419. 
 298 
 
Maehara N, Matsumoto K, Kuba K, Mizumoto K, Tanaka M, and Nakamura T. (2001). NK4, a four-
kringle antagonist of HGF, inhibits spreading and invasion of human pancreatic cancer cells. 
Br. J. Cancer 84: 864–873. 
Mahabeleshwar GH, and Byzova TV. (2007). Angiogenesis in melanoma. Semin. Oncol. 34: 555–565. 
Maines LW, Fitzpatrick LR, French KJ, Zhuang Y, Xia Z, Keller SN, et al. (2008). Suppression of 
ulcerative colitis in mice by orally available inhibitors of sphingosine kinase. Dig. Dis. Sci. 53: 
997–1012. 
Maiuri MC, Zalckvar E, Kimchi A, and Kroemer G. (2007). Self-eating and self-killing: crosstalk 
between autophagy and apoptosis. Nat. Rev. Mol. Cell Biol. 8: 741–752. 
Majmundar AJ, Wong WJ, and Simon MC. (2010). Hypoxia-inducible factors and the response to 
hypoxic stress. Mol. Cell 40: 294–309. 
Maniotis AJ, Folberg R, Hess A, Seftor EA, Gardner LM, Pe’er J, et al. (1999). Vascular channel 
formation by human melanoma cells in vivo and in vitro: vasculogenic mimicry. Am. J. Pathol. 
155: 739–752. 
Matloubian M, Lo CG, Cinamon G, Lesneski MJ, Xu Y, Brinkmann V, et al. (2004). Lymphocyte egress 
from thymus and peripheral lymphoid organs is dependent on S1P receptor 1. Nature 427: 
355–360. 
Mechtcheriakova D, Wlachos A, Sobanov J, Kopp T, Reuschel R, Bornancin F, et al. (2007). 
Sphingosine 1-phosphate phosphatase 2 is induced during inflammatory responses. Cell. 
Signal. 19: 748–760. 
melanome-patients.fr | Melanome-patients.info. melanome-patients.fr | Melanome-patients.info. 
Available from: http://www.melanome-patients.fr/pageArticle.php?idArticle=2 
Melendez AJ, Carlos-Dias E, Gosink M, Allen JM, and Takacs L. (2000). Human sphingosine kinase: 
molecular cloning, functional characterization and tissue distribution. Gene 251: 19–26. 
Melendez AJ, and Khaw AK. (2002). Dichotomy of Ca2+ signals triggered by different phospholipid 
pathways in antigen stimulation of human mast cells. J. Biol. Chem. 277: 17255–17262. 
Mendel J, Heinecke K, Fyrst H, and Saba JD. (2003). Sphingosine phosphate lyase expression is 
essential for normal development in Caenorhabditis elegans. J. Biol. Chem. 278: 22341–
22349. 
Di Micco R, Fumagalli M, Cicalese A, Piccinin S, Gasparini P, Luise C, et al. (2006). Oncogene-induced 
senescence is a DNA damage response triggered by DNA hyper-replication. Nature 444: 638–
642. 
Michaloglou C, Vredeveld LCW, Soengas MS, Denoyelle C, Kuilman T, van der Horst CMAM, et al. 
(2005). BRAFE600-associated senescence-like cell cycle arrest of human naevi. Nature 436: 
720–724. 
Micke P, and Ostman A. (2004). Tumour-stroma interaction: cancer-associated fibroblasts as novel 
targets in anti-cancer therapy? Lung Cancer 45 Suppl 2: S163–175. 
 299 
 
Milagre C, Dhomen N, Geyer FC, Hayward R, Lambros M, Reis-Filho JS, et al. (2010). A mouse model 
of melanoma driven by oncogenic KRAS. Cancer Res. 70: 5549–5557. 
Miller AJ, and Mihm MC Jr. (2006). Melanoma. N. Engl. J. Med. 355: 51–65. 
Milstien S, and Spiegel S. (2006). Targeting sphingosine-1-phosphate: a novel avenue for cancer 
therapeutics. Cancer Cell 9: 148–150. 
Min J, Van Veldhoven PP, Zhang L, Hanigan MH, Alexander H, and Alexander S. (2005). Sphingosine-1-
phosphate lyase regulates sensitivity of human cells to select chemotherapy drugs in a p38-
dependent manner. Mol. Cancer Res. 3: 287–296. 
Mintz B, and Silvers WK. (1993). Transgenic mouse model of malignant skin melanoma. Proc. Natl. 
Acad. Sci. U.S.A. 90: 8817–8821. 
Mitra P, Payne SG, Milstien S, and Spiegel S. (2007). A rapid and sensitive method to measure 
secretion of sphingosine-1-phosphate. Meth. Enzymol 434: 257–264. 
Monahan KB, Rozenberg GI, Krishnamurthy J, Johnson SM, Liu W, Bradford MK, et al. (2010). Somatic 
p16INK4a loss accelerates melanomagenesis. Oncogene 29: 5809–5817. 
Mooi WJ, and Peeper DS. (2006). Oncogene-induced cell senescence--halting on the road to cancer. 
N. Engl. J. Med. 355: 1037–1046. 
Moschos SJ, Drogowski LM, Reppert SL, and Kirkwood JM. (2007). Integrins and cancer. Oncology 
(Williston Park, N.Y.) 21: 13–20. 
Mueller MM, and Fusenig NE. (2004). Friends or foes - bipolar effects of the tumour stroma in cancer. 
Nat. Rev. Cancer 4: 839–849. 
Mukhopadhyay D, Howell KS, Riezman H, and Capitani G. (2008). Identifying key residues of 
sphinganine-1-phosphate lyase for function in vivo and in vitro. J. Biol. Chem. 283: 20159–
20169. 
Murakami M, Ichihara M, Sobue S, Kikuchi R, Ito H, Kimura A, et al. (2007). RET signaling-induced 
SPHK1 gene expression plays a role in both GDNF-induced differentiation and MEN2-type 
oncogenesis. J. Neurochem. 102: 1585–1594. 
Muthusamy V, Hobbs C, Nogueira C, Cordon-Cardo C, McKee PH, Chin L, et al. (2006). Amplification 
of CDK4 and MDM2 in malignant melanoma. Genes Chromosomes Cancer 45: 447–454. 
Nagahashi M, Ramachandran S, Kim EY, Allegood JC, Rashid OM, Yamada A, et al. (2012). 
Sphingosine-1-phosphate produced by sphingosine kinase 1 promotes breast cancer 
progression by stimulating angiogenesis and lymphangiogenesis. Cancer Res. 72: 726–735. 
Nakade Y, Banno Y, T-Koizumi K, Hagiwara K, Sobue S, Koda M, et al. (2003). Regulation of 
sphingosine kinase 1 gene expression by protein kinase C in a human leukemia cell line, MEG-
O1. Biochim. Biophys. Acta 1635: 104–116. 
Nava VE, Lacana E, Poulton S, Liu H, Sugiura M, Kono K, et al. (2000). Functional characterization of 
human sphingosine kinase-1. FEBS Lett. 473: 81–84. 
Nelson AA, and Tsao H. (2009). Melanoma and genetics. Clin. Dermatol. 27: 46–52. 
 300 
 
Ng CK, Carr K, McAinsh MR, Powell B, and Hetherington AM. (2001). Drought-induced guard cell 
signal transduction involves sphingosine-1-phosphate. Nature 410: 596–599. 
Niessner H, Beck D, Sinnberg T, Lasithiotakis K, Maczey E, Gogel J, et al. (2011). The farnesyl 
transferase inhibitor lonafarnib inhibits mTOR signaling and enforces sorafenib-induced 
apoptosis in melanoma cells. J. Invest. Dermatol. 131: 468–479. 
Nikkola J, Vihinen P, Vlaykova T, Hahka-Kemppinen M, Kähäri V-M, and Pyrhönen S. (2002). High 
expression levels of collagenase-1 and stromelysin-1 correlate with shorter disease-free 
survival in human metastatic melanoma. Int. J. Cancer 97: 432–438. 
Nikolaou VA, Stratigos AJ, Flaherty KT, and Tsao H. (2012). Melanoma: new insights and new 
therapies. J. Invest. Dermatol. 132: 854–863. 
Nishimura EK, Jordan SA, Oshima H, Yoshida H, Osawa M, Moriyama M, et al. (2002). Dominant role 
of the niche in melanocyte stem-cell fate determination. Nature 416: 854–860. 
Nishimura EK. (2011). Melanocyte stem cells: a melanocyte reservoir in hair follicles for hair and skin 
pigmentation. Pigment Cell & Melanoma Research 24: 401–410. 
Nogueira C, Kim K-H, Sung H, Paraiso KHT, Dannenberg J-H, Bosenberg M, et al. (2010). Cooperative 
interactions of PTEN deficiency and RAS activation in melanoma metastasis. Oncogene 29: 
6222–6232. 
Noonan FP, Otsuka T, Bang S, Anver MR, and Merlino G. (2000). Accelerated ultraviolet radiation-
induced carcinogenesis in hepatocyte growth factor/scatter factor transgenic mice. Cancer 
Res. 60: 3738–3743. 
Noonan FP, Recio JA, Takayama H, Duray P, Anver MR, Rush WL, et al. (2001). Neonatal sunburn and 
melanoma in mice. Nature 413: 271–272. 
Ntayi C, Hornebeck W, and Bernard P. (2004). [Involvement of matrix metalloproteinases (MMPs) in 
cutaneous melanoma progression]. Pathol. Biol. 52: 154–159. 
Ogretmen B, and Hannun YA. (2004). Biologically active sphingolipids in cancer pathogenesis and 
treatment. Nat. Rev. Cancer 4: 604–616. 
Ohmori T, Yang JL, Price JO, and Arteaga CL. (1998). Blockade of tumor cell transforming growth 
factor-betas enhances cell cycle progression and sensitizes human breast carcinoma cells to 
cytotoxic chemotherapy. Exp. Cell Res. 245: 350–359. 
Ohotski J, Long JS, Orange C, Elsberger B, Mallon E, Doughty J, et al. (2012). Expression of sphingosine 
1-phosphate receptor 4 and sphingosine kinase 1 is associated with outcome in oestrogen 
receptor negative breast cancer. Br. J. Cancer 107: 756. 
Okamoto H, Takuwa N, Yokomizo T, Sugimoto N, Sakurada S, Shigematsu H, et al. (2000). Inhibitory 
regulation of Rac activation, membrane ruffling, and cell migration by the G protein-coupled 
sphingosine-1-phosphate receptor EDG5 but not EDG1 or EDG3. Mol. Cell. Biol. 20: 9247–
9261. 
Olivera A, Kohama T, Edsall L, Nava V, Cuvillier O, Poulton S, et al. (1999). Sphingosine kinase 
expression increases intracellular sphingosine-1-phosphate and promotes cell growth and 
survival. J. Cell Biol. 147: 545–558. 
 301 
 
Olivera A, Kohama T, Tu Z, Milstien S, and Spiegel S. (1998). Purification and characterization of rat 
kidney sphingosine kinase. J. Biol. Chem. 273: 12576–12583. 
Olivera A, Rosenthal J, and Spiegel S. (1996). Effect of acidic phospholipids on sphingosine kinase. J. 
Cell. Biochem. 60: 529–537. 
Olivera A, Urtz N, Mizugishi K, Yamashita Y, Gilfillan AM, Furumoto Y, et al. (2006). IgE-dependent 
activation of sphingosine kinases 1 and 2 and secretion of sphingosine 1-phosphate requires 
Fyn kinase and contributes to mast cell responses. J. Biol. Chem. 281: 2515–2525. 
Olumi AF, Grossfeld GD, Hayward SW, Carroll PR, Tlsty TD, and Cunha GR. (1999). Carcinoma-
associated fibroblasts direct tumor progression of initiated human prostatic epithelium. 
Cancer Res. 59: 5002–5011. 
OMS | Cancers cutanés. OMS | Cancers cutanés. WHO [Internet]. Available from: 
http://www.who.int/uv/faq/skincancer/fr/index1.html 
van den Oord JJ, Paemen L, Opdenakker G, and de Wolf-Peeters C. (1997). Expression of gelatinase B 
and the extracellular matrix metalloproteinase inducer EMMPRIN in benign and malignant 
pigment cell lesions of the skin. Am. J. Pathol. 151: 665–670. 
Orimo A, Gupta PB, Sgroi DC, Arenzana-Seisdedos F, Delaunay T, Naeem R, et al. (2005). Stromal 
fibroblasts present in invasive human breast carcinomas promote tumor growth and 
angiogenesis through elevated SDF-1/CXCL12 secretion. Cell 121: 335–348. 
Oskeritzian CA, Price MM, Hait NC, Kapitonov D, Falanga YT, Morales JK, et al. (2010). Essential roles 
of sphingosine-1-phosphate receptor 2 in human mast cell activation, anaphylaxis, and 
pulmonary edema. J. Exp. Med. 207: 465–474. 
Oskouian B, Mendel J, Shocron E, Lee MA Jr, Fyrst H, and Saba JD. (2005). Regulation of sphingosine-
1-phosphate lyase gene expression by members of the GATA family of transcription factors. 
J. Biol. Chem. 280: 18403–18410. 
Oskouian B, Sooriyakumaran P, Borowsky AD, Crans A, Dillard-Telm L, Tam YY, et al. (2006). 
Sphingosine-1-phosphate lyase potentiates apoptosis via p53- and p38-dependent pathways 
and is down-regulated in colon cancer. Proc. Natl. Acad. Sci. U.S.A 103: 17384–17389. 
Ostman A, and Augsten M. (2009). Cancer-associated fibroblasts and tumor growth--bystanders 
turning into key players. Curr. Opin. Genet. Dev. 19: 67–73. 
Otsuka T, Takayama H, Sharp R, Celli G, LaRochelle WJ, Bottaro DP, et al. (1998). c-Met autocrine 
activation induces development of malignant melanoma and acquisition of the metastatic 
phenotype. Cancer Res. 58: 5157–5167. 
Paik JH, Chae Ss, Lee MJ, Thangada S, and Hla T. (2001). Sphingosine 1-phosphate-induced 
endothelial cell migration requires the expression of EDG-1 and EDG-3 receptors and Rho-
dependent activation of alpha vbeta3- and beta1-containing integrins. J. Biol. Chem. 276: 
11830–11837. 
Paik J-H, Skoura A, Chae S-S, Cowan AE, Han DK, Proia RL, et al. (2004). Sphingosine 1-phosphate 
receptor regulation of N-cadherin mediates vascular stabilization. Genes Dev. 18: 2392–2403. 
 302 
 
Palmieri G, Capone M, Ascierto ML, Gentilcore G, Stroncek DF, Casula M, et al. (2009). Main roads to 
melanoma. J Transl Med 7: 86. 
Pan S, Mi Y, Pally C, Beerli C, Chen A, Guerini D, et al. (2006). A monoselective sphingosine-1-
phosphate receptor-1 agonist prevents allograft rejection in a stringent rat heart 
transplantation model. Chem. Biol. 13: 1227–1234. 
Pankov R, and Yamada KM. (2002). Fibronectin at a glance. J. Cell. Sci. 115: 3861–3863. 
Pappu R, Schwab SR, Cornelissen I, Pereira JP, Regard JB, Xu Y, et al. (2007). Promotion of lymphocyte 
egress into blood and lymph by distinct sources of sphingosine-1-phosphate. Science 316: 
295–298. 
Park HY, Kosmadaki M, Yaar M, and Gilchrest BA. (2009). Cellular mechanisms regulating human 
melanogenesis. Cell. Mol. Life Sci. 66: 1493–1506. 
Parrill AL, Lima S, and Spiegel S. (2012). Structure of the first sphingosine 1-phosphate receptor. Sci 
Signal 5: pe23. 
Parrill AL, Wang D, Bautista DL, Van Brocklyn JR, Lorincz Z, Fischer DJ, et al. (2000). Identification of 
Edg1 receptor residues that recognize sphingosine 1-phosphate. J. Biol. Chem. 275: 39379–
39384. 
Parrott JA, Nilsson E, Mosher R, Magrane G, Albertson D, Pinkel D, et al. (2001). Stromal-epithelial 
interactions in the progression of ovarian cancer: influence and source of tumor stromal 
cells. Mol. Cell. Endocrinol. 175: 29–39. 
Patton EE, Widlund HR, Kutok JL, Kopani KR, Amatruda JF, Murphey RD, et al. (2005). BRAF mutations 
are sufficient to promote nevi formation and cooperate with p53 in the genesis of 
melanoma. Curr. Biol. 15: 249–254. 
Pchejetski D, Böhler T, Stebbing J, and Waxman J. (2011). Therapeutic potential of targeting 
sphingosine kinase 1 in prostate cancer. Nat Rev Urol 8: 569–678. 
Peter BF, Lidington D, Harada A, Bolz HJ, Vogel L, Heximer S, et al. (2008). Role of sphingosine-1-
phosphate phosphohydrolase 1 in the regulation of resistance artery tone. Circ. Res. 103: 
315–324. 
Petersen OW, Nielsen HL, Gudjonsson T, Villadsen R, Rank F, Niebuhr E, et al. (2003). Epithelial to 
mesenchymal transition in human breast cancer can provide a nonmalignant stroma. Am. J. 
Pathol. 162: 391–402. 
Petitclerc E, Strömblad S, von Schalscha TL, Mitjans F, Piulats J, Montgomery AM, et al. (1999). 
Integrin alpha(v)beta3 promotes M21 melanoma growth in human skin by regulating tumor 
cell survival. Cancer Res. 59: 2724–2730. 
Pham THM, Baluk P, Xu Y, Grigorova I, Bankovich AJ, Pappu R, et al. (2010). Lymphatic endothelial cell 
sphingosine kinase activity is required for lymphocyte egress and lymphatic patterning. J. 
Exp. Med. 207: 17–27. 
Picard O, Rolland Y, and Poupon MF. (1986). Fibroblast-dependent tumorigenicity of cells in nude 
mice: implication for implantation of metastases. Cancer Res. 46: 3290–3294. 
 303 
 
Pitson SM, D’andrea RJ, Vandeleur L, Moretti PA, Xia P, Gamble JR, et al. (2000). Human sphingosine 
kinase: purification, molecular cloning and characterization of the native and recombinant 
enzymes. Biochem. J. 350 Pt 2: 429–441. 
Pitson SM, Moretti PAB, Zebol JR, Lynn HE, Xia P, Vadas MA, et al. (2003). Activation of sphingosine 
kinase 1 by ERK1/2-mediated phosphorylation. EMBO J. 22: 5491–5500. 
Pitson SM. (2011). Regulation of sphingosine kinase and sphingolipid signaling. Trends Biochem. Sci. 
36: 97–107. 
Pollock PM, Harper UL, Hansen KS, Yudt LM, Stark M, Robbins CM, et al. (2003). High frequency of 
BRAF mutations in nevi. Nat. Genet. 33: 19–20. 
Ponnusamy S, Selvam SP, Mehrotra S, Kawamori T, Snider AJ, Obeid LM, et al. (2012). 
Communication between host organism and cancer cells is transduced by systemic 
sphingosine kinase 1/sphingosine 1-phosphate signalling to regulate tumour metastasis. 
EMBO Mol Med 4: 761–775. 
Powell MB, Hyman P, Bell OD, Balmain A, Brown K, Alberts D, et al. (1995). Hyperpigmentation and 
melanocytic hyperplasia in transgenic mice expressing the human T24 HA-ras gene regulated 
by a mouse tyrosinase promoter. Molecular Carcinogenesis 12: 82–90. 
Puneet P, Yap CT, Wong L, Lam Y, Koh DR, Moochhala S, et al. (2010). SphK1 regulates 
proinflammatory responses associated with endotoxin and polymicrobial sepsis. Science 328: 
1290–1294. 
Pushparaj PN, Manikandan J, Tay HK, H’ng SC, Kumar SD, Pfeilschifter J, et al. (2009). Sphingosine 
kinase 1 is pivotal for Fc epsilon RI-mediated mast cell signaling and functional responses in 
vitro and in vivo. J. Immunol. 183: 221–227. 
Puzanov I, and Flaherty KT. (2010). Targeted molecular therapy in melanoma. Semin Cutan Med Surg 
29: 196–201. 
Pyne NJ, and Pyne S. (2010). Sphingosine 1-phosphate and cancer. Nat Rev Cancer [Internet]. 
Available from: http://www.ncbi.nlm.nih.gov.gate2.inist.fr/pubmed/20555359 
Pyne S, Lee SC, Long J, and Pyne NJ. (2009). Role of sphingosine kinases and lipid phosphate 
phosphatases in regulating spatial sphingosine 1-phosphate signalling in health and disease. 
Cell. Signal. 21: 14–21. 
Pyne S, and Pyne NJ. (2011). Translational aspects of sphingosine 1-phosphate biology. Trends Mol 
Med 17: 463–472. 
Qin W, Pappan K, and Wang X. (1997). Molecular heterogeneity of phospholipase D (PLD). Cloning of 
PLDgamma and regulation of plant PLDgamma, -beta, and -alpha by polyphosphoinositides 
and calcium. J. Biol. Chem. 272: 28267–28273. 
Quintana E, Shackleton M, Sabel MS, Fullen DR, Johnson TM, and Morrison SJ. (2008). Efficient 
tumour formation by single human melanoma cells. Nature 456: 593–598. 
Ramirez RD, D’Atri S, Pagani E, Faraggiana T, Lacal PM, Taylor RS, et al. (1999). Progressive increase in 
telomerase activity from benign melanocytic conditions to malignant melanoma. Neoplasia 
1: 42–49. 
 304 
 
Räsänen K, and Vaheri A. (2010). Activation of fibroblasts in cancer stroma. Exp. Cell Res. 316: 2713–
2722. 
Recio JA, Noonan FP, Takayama H, Anver MR, Duray P, Rush WL, et al. (2002). Ink4a/arf deficiency 
promotes ultraviolet radiation-induced melanomagenesis. Cancer Res. 62: 6724–6730. 
Reiss U, Oskouian B, Zhou J, Gupta V, Sooriyakumaran P, Kelly S, et al. (2004). Sphingosine-phosphate 
lyase enhances stress-induced ceramide generation and apoptosis. J. Biol. Chem. 279: 1281–
1290. 
Ribatti D, Mangialardi G, and Vacca A. (2006). Stephen Paget and the ‘seed and soil’ theory of 
metastatic dissemination. Clin. Exp. Med. 6: 145–149. 
Rivers JK. (2004). Is there more than one road to melanoma? The Lancet 363: 728–730. 
Robert C, Thomas L, Bondarenko I, O’Day S, M D JW, Garbe C, et al. (2011). Ipilimumab plus 
dacarbazine for previously untreated metastatic melanoma. N. Engl. J. Med. 364: 2517–2526. 
Romerdahl CA, Stephens LC, Bucana C, and Kripke ML. (1989). The role of ultraviolet radiation in the 
induction of melanocytic skin tumors in inbred mice. Cancer Commun. 1: 209–216. 
Rønnov-Jessen L, and Petersen OW. (1993). Induction of alpha-smooth muscle actin by transforming 
growth factor-beta 1 in quiescent human breast gland fibroblasts. Implications for 
myofibroblast generation in breast neoplasia. Lab. Invest. 68: 696–707. 
Rosen PJ, Sweeney CJ, Park DJ, Beaupre DM, Deng H, Leitch IM, et al. (2010). A phase Ib study of 
AMG 102 in combination with bevacizumab or motesanib in patients with advanced solid 
tumors. Clin. Cancer Res. 16: 2677–2687. 
Rubinfeld B, Robbins P, El-Gamil M, Albert I, Porfiri E, and Polakis P. (1997). Stabilization of beta-
catenin by genetic defects in melanoma cell lines. Science 275: 1790–1792. 
Ruckäberle E. (2008). Microarray analysis of altered sphingolipid metabolism reveals prognostic 
significance of sphingosine kinase 1 in breast cancer. Breast Cancer Res. Treat 112: 41–52. 
Ruiter D, Bogenrieder T, Elder D, and Herlyn M. (2002). Melanoma-stroma interactions: structural 
and functional aspects. Lancet Oncol. 3: 35–43. 
Saad S, Gottlieb DJ, Bradstock KF, Overall CM, and Bendall LJ. (2002). Cancer cell-associated 
fibronectin induces release of matrix metalloproteinase-2 from normal fibroblasts. Cancer 
Res. 62: 283–289. 
Saba JD, Nara F, Bielawska A, Garrett S, and Hannun YA. (1997). The BST1 gene of Saccharomyces 
cerevisiae is the sphingosine-1-phosphate lyase. J. Biol. Chem. 272: 26087–26090. 
Sabbadini RA. (2006). Targeting sphingosine-1-phosphate for cancer therapy. Br. J. Cancer 95: 1131–
1135. 
Sabourdy F, Kedjouar B, Sorli SC, Colié S, Milhas D, Salma Y, et al. (2008). Functions of sphingolipid 
metabolism in mammals--lessons from genetic defects. Biochim. Biophys. Acta 1781: 145–
183. 
 305 
 
Sadahira Y, Ruan F, Hakomori S, and Igarashi Y. (1992). Sphingosine 1-phosphate, a specific 
endogenous signaling molecule controlling cell motility and tumor cell invasiveness. Proc. 
Natl. Acad. Sci. U.S.A. 89: 9686–9690. 
Saddoughi SA, Song P, and Ogretmen B. (2008). Roles of bioactive sphingolipids in cancer biology and 
therapeutics. Subcell. Biochem. 49: 413–440. 
Salven P, Heikkilä P, and Joensuu H. (1997). Enhanced expression of vascular endothelial growth 
factor in metastatic melanoma. Br. J. Cancer 76: 930–934. 
Samarasinghe V, and Madan V. (2012). Nonmelanoma skin cancer. Journal of Cutaneous and 
Aesthetic Surgery 5: 3. 
Sanchez T, Skoura A, Wu MT, Casserly B, Harrington EO, and Hla T. (2007). Induction of vascular 
permeability by the sphingosine-1-phosphate receptor-2 (S1P2R) and its downstream 
effectors ROCK and PTEN. Arterioscler. Thromb. Vasc. Biol. 27: 1312–1318. 
Sankala HM, Hait NC, Paugh SW, Shida D, Lépine S, Elmore LW, et al. (2007). Involvement of 
sphingosine kinase 2 in p53-independent induction of p21 by the chemotherapeutic drug 
doxorubicin. Cancer Res. 67: 10466–10474. 
Sanna MG, Wang S-K, Gonzalez-Cabrera PJ, Don A, Marsolais D, Matheu MP, et al. (2006). 
Enhancement of capillary leakage and restoration of lymphocyte egress by a chiral S1P1 
antagonist in vivo. Nat. Chem. Biol. 2: 434–441. 
Sato K, Malchinkhuu E, Horiuchi Y, Mogi C, Tomura H, Tosaka M, et al. (2007). Critical role of ABCA1 
transporter in sphingosine 1-phosphate release from astrocytes. J. Neurochem. 103: 2610–
2619. 
Satyamoorthy K, Li G, Vaidya B, Kalabis J, and Herlyn M. (2002). Insulin-like growth factor-I-induced 
migration of melanoma cells is mediated by interleukin-8 induction. Cell Growth Differ. 13: 
87–93. 
Satyamoorthy K, Li G, Vaidya B, Patel D, and Herlyn M. (2001). Insulin-like growth factor-1 induces 
survival and growth of biologically early melanoma cells through both the mitogen-activated 
protein kinase and beta-catenin pathways. Cancer Res. 61: 7318–7324. 
Scarlatti F, Bauvy C, Ventruti A, Sala G, Cluzeaud F, Vandewalle A, et al. (2004). Ceramide-mediated 
macroautophagy involves inhibition of protein kinase B and up-regulation of beclin 1. J. Biol. 
Chem. 279: 18384–18391. 
Schmahl J, Raymond CS, and Soriano P. (2007). PDGF signaling specificity is mediated through 
multiple immediate early genes. Nat. Genet 39: 52–60. 
Schnitzer SE, Weigert A, Zhou J, and Brüne B. (2009). Hypoxia enhances sphingosine kinase 2 activity 
and provokes sphingosine-1-phosphate-mediated chemoresistance in A549 lung cancer cells. 
Mol. Cancer Res. 7: 393–401. 
Schwab SR, and Cyster JG. (2007). Finding a way out: lymphocyte egress from lymphoid organs. Nat. 
Immunol. 8: 1295–1301. 
 306 
 
Schwab SR, Pereira JP, Matloubian M, Xu Y, Huang Y, and Cyster JG. (2005). Lymphocyte 
sequestration through S1P lyase inhibition and disruption of S1P gradients. Science 309: 
1735–1739. 
Schwalm S, Döll F, Römer I, Bubnova S, Pfeilschifter J, and Huwiler A. (2008). Sphingosine kinase-1 is a 
hypoxia-regulated gene that stimulates migration of human endothelial cells. Biochem. 
Biophys. Res. Commun. 368: 1020–1025. 
Schwartzentruber DJ, Lawson DH, Richards JM, Conry RM, Miller DM, Treisman J, et al. (2011). gp100 
peptide vaccine and interleukin-2 in patients with advanced melanoma. N. Engl. J. Med. 364: 
2119–2127. 
Scott AM, Wiseman G, Welt S, Adjei A, Lee F-T, Hopkins W, et al. (2003). A Phase I dose-escalation 
study of sibrotuzumab in patients with advanced or metastatic fibroblast activation protein-
positive cancer. Clin. Cancer Res. 9: 1639–1647. 
Sedlmaier A, Wernert N, Gallitzendörfer R, Abouzied MM, Gieselmann V, and Franken S. (2011). 
Overexpression of hepatoma-derived growth factor in melanocytes does not lead to 
oncogenic transformation. BMC Cancer 11: 457. 
Ségui B, Andrieu-Abadie N, Jaffrézou J-P, Benoist H, and Levade T. (2006). Sphingolipids as 
modulators of cancer cell death: potential therapeutic targets. Biochim. Biophys. Acta 1758: 
2104–2120. 
Sensken S-C, Stäubert C, Keul P, Levkau B, Schöneberg T, and Gräler MH. (2008). Selective activation 
of G alpha i mediated signalling of S1P3 by FTY720-phosphate. Cell. Signal. 20: 1125–1133. 
Serra M, and Saba JD. (2010). Sphingosine 1-phosphate lyase, a key regulator of sphingosine 1-
phosphate signaling and function. Adv. Enzyme Regul. 50: 349–362. 
Shah M, Bhoumik A, Goel V, Dewing A, Breitwieser W, Kluger H, et al. (2010). A role for ATF2 in 
regulating MITF and melanoma development. PLoS Genet. 6: e1001258. 
Sharpless NE, Kannan K, Xu J, Bosenberg MW, and Chin L. (2003). Both products of the mouse 
Ink4a/Arf locus suppress melanoma formation in vivo. Oncogene 22: 5055–5059. 
Shida D, Takabe K, Kapitonov D, Milstien S, and Spiegel S. (2008). Targeting SphK1 as a new strategy 
against cancer. Curr Drug Targets 9: 662–673. 
Shimizu H, Takahashi M, Kaneko T, Murakami T, Hakamata Y, Kudou S, et al. (2005). KRP-203, a novel 
synthetic immunosuppressant, prolongs graft survival and attenuates chronic rejection in rat 
skin and heart allografts. Circulation 111: 222–229. 
Shtutman M, Zhurinsky J, Simcha I, Albanese C, D’Amico M, Pestell R, et al. (1999). The cyclin D1 gene 
is a target of the beta-catenin/LEF-1 pathway. Proc. Natl. Acad. Sci. U.S.A. 96: 5522–5527. 
Silletti S, Kessler T, Goldberg J, Boger DL, and Cheresh DA. (2001). Disruption of matrix 
metalloproteinase 2 binding to integrin alpha vbeta 3 by an organic molecule inhibits 
angiogenesis and tumor growth in vivo. Proc. Natl. Acad. Sci. U.S.A. 98: 119–124. 
Singleton PA, Dudek SM, Ma S-F, and Garcia JGN. (2006). Transactivation of sphingosine 1-phosphate 
receptors is essential for vascular barrier regulation. Novel role for hyaluronan and CD44 
receptor family. J. Biol. Chem. 281: 34381–34393. 
 307 
 
Skoura A, and Hla T. (2009). Lysophospholipid receptors in vertebrate development, physiology, and 
pathology. J. Lipid Res. 50 Suppl: S293–298. 
Smalley KSM, Lioni M, and Herlyn M. (2005). Targeting the stromal fibroblasts: a novel approach to 
melanoma therapy. Expert Rev Anticancer Ther 5: 1069–1078. 
Sobue S, Hagiwara K, Banno Y, Tamiya-Koizumi K, Suzuki M, Takagi A, et al. (2005). Transcription 
factor specificity protein 1 (Sp1) is the main regulator of nerve growth factor-induced 
sphingosine kinase 1 gene expression of the rat pheochromocytoma cell line, PC12. J. 
Neurochem. 95: 940–949. 
Soengas MS, Capodieci P, Polsky D, Mora J, Esteller M, Opitz-Araya X, et al. (2001). Inactivation of the 
apoptosis effector Apaf-1 in malignant melanoma. Nature 409: 207–211. 
Soengas MS, and Lowe SW. (2003). Apoptosis and melanoma chemoresistance. Oncogene 22: 3138–
3151. 
Sotillo R, García JF, Ortega S, Martin J, Dubus P, Barbacid M, et al. (2001). Invasive melanoma in 
Cdk4-targeted mice. Proc. Natl. Acad. Sci. U.S.A. 98: 13312–13317. 
Sounni NE, Baramova EN, Munaut C, Maquoi E, Frankenne F, Foidart J-M, et al. (2002). Expression of 
membrane type 1 matrix metalloproteinase (MT1-MMP) in A2058 melanoma cells is 
associated with MMP-2 activation and increased tumor growth and vascularization. Int. J. 
Cancer 98: 23–28. 
Soussi T, Kato S, Levy PP, and Ishioka C. (2005). Reassessment of the TP53 mutation database in 
human disease by data mining with a library of TP53 missense mutations. Hum. Mutat. 25: 
6–17. 
Spiegel S, and Milstien S. (2003). Sphingosine-1-phosphate: an enigmatic signalling lipid. Nat. Rev. 
Mol. Cell Biol. 4: 397–407. 
Spiegel S, and Milstien S. (2000). Sphingosine-1-phosphate: signaling inside and out. FEBS Lett. 476: 
55–57. 
Spiegel S, and Milstien S. (2011). The outs and the ins of sphingosine-1-phosphate in immunity. Nat. 
Rev. Immunol. 11: 403–415. 
Stahelin RV, Hwang JH, Kim J-H, Park Z-Y, Johnson KR, Obeid LM, et al. (2005). The mechanism of 
membrane targeting of human sphingosine kinase 1. J. Biol. Chem. 280: 43030–43038. 
Stahl JM, Sharma A, Cheung M, Zimmerman M, Cheng JQ, Bosenberg MW, et al. (2004). Deregulated 
Akt3 activity promotes development of malignant melanoma. Cancer Res. 64: 7002–7010. 
Stam JC, Michiels F, van der Kammen RA, Moolenaar WH, and Collard JG. (1998). Invasion of T-
lymphoma cells: cooperation between Rho family GTPases and lysophospholipid receptor 
signaling. EMBO J. 17: 4066–4074. 
Stoffel W, LeKim D, and Sticht G. (1969). Distribution and properties of dihydrosphingosine-1-
phosphate aldolase (sphinganine-1-phosphate alkanal-lyase). Hoppe-Seyler’s Z. Physiol. 
Chem. 350: 1233–1241. 
 308 
 
Strickland FM, Muller HK, Stephens LC, Bucana CD, Donawho CK, Sun Y, et al. (2000). Induction of 
primary cutaneous melanomas in C3H mice by combined treatment with ultraviolet 
radiation, ethanol and aloe emodin. Photochem. Photobiol. 72: 407–414. 
Strub GM, Maceyka M, Hait NC, Milstien S, and Spiegel S. (2010). Extracellular and intracellular 
actions of sphingosine-1-phosphate. Adv. Exp. Med. Biol. 688: 141–155. 
Strub GM, Paillard M, Liang J, Gomez L, Allegood JC, Hait NC, et al. (2011). Sphingosine-1-phosphate 
produced by sphingosine kinase 2 in mitochondria interacts with prohibitin 2 to regulate 
complex IV assembly and respiration. FASEB J. 25: 600–612. 
Le Stunff H, Galve-Roperh I, Peterson C, Milstien S, and Spiegel S. (2002). Sphingosine-1-phosphate 
phosphohydrolase in regulation of sphingolipid metabolism and apoptosis. J. Cell Biol. 158: 
1039–1049. 
Le Stunff H, Giussani P, Maceyka M, Lépine S, Milstien S, and Spiegel S. (2007). Recycling of 
sphingosine is regulated by the concerted actions of sphingosine-1-phosphate 
phosphohydrolase 1 and sphingosine kinase 2. J. Biol. Chem. 282: 34372–34380. 
Sugawara T, Kinoshita M, Ohnishi M, Tsuzuki T, Miyazawa T, Nagata J, et al. (2004). Efflux of 
sphingoid bases by P-glycoprotein in human intestinal Caco-2 cells. Biosci. Biotechnol. 
Biochem. 68: 2541–2546. 
Sun H-Y, Wei S-P, Xu R-C, Xu P-X, and Zhang W-C. (2010). Sphingosine-1-phosphate induces human 
endothelial VEGF and MMP-2 production via transcription factor ZNF580: novel insights into 
angiogenesis. Biochem. Biophys. Res. Commun. 395: 361–366. 
Sutherland CM, Moretti PAB, Hewitt NM, Bagley CJ, Vadas MA, and Pitson SM. (2006). The 
calmodulin-binding site of sphingosine kinase and its role in agonist-dependent translocation 
of sphingosine kinase 1 to the plasma membrane. J. Biol. Chem. 281: 11693–11701. 
Taha TA, Kitatani K, El-Alwani M, Bielawski J, Hannun YA, and Obeid LM. (2006). Loss of sphingosine 
kinase-1 activates the intrinsic pathway of programmed cell death: modulation of 
sphingolipid levels and the induction of apoptosis. FASEB J. 20: 482–484. 
Takabe K, Paugh SW, Milstien S, and Spiegel S. (2008). ‘Inside-out’ signaling of sphingosine-1-
phosphate: therapeutic targets. Pharmacol. Rev 60: 181–195. 
Takahashi K, Eto H, and Tanabe KK. (1999). Involvement of CD44 in matrix metalloproteinase-2 
regulation in human melanoma cells. Int. J. Cancer 80: 387–395. 
Takasugi N, Sasaki T, Suzuki K, Osawa S, Isshiki H, Hori Y, et al. (2011). BACE1 activity is modulated by 
cell-associated sphingosine-1-phosphate. J. Neurosci. 31: 6850–6857. 
Takizawa H, Sato S, Kitajima H, Konishi S, Iwata K, and Hayashi Y. (1985). Mouse skin melanoma 
induced in two stage chemical carcinogenesis with 7,12-dimethylbenz[a]anthracene and 
croton oil. Carcinogenesis 6: 921–923. 
Takuwa N, Du W, Kaneko E, Okamoto Y, Yoshioka K, and Takuwa Y. (2011). Tumor-suppressive 
sphingosine-1-phosphate receptor-2 counteracting tumor-promoting sphingosine-1-
phosphate receptor-1 and sphingosine kinase 1 - Jekyll Hidden behind Hyde. Am J Cancer Res 
1: 460–481. 
 309 
 
Takuwa N, Ohkura S-I, Takashima S-I, Ohtani K, Okamoto Y, Tanaka T, et al. (2010). S1P3-mediated 
cardiac fibrosis in sphingosine kinase 1 transgenic mice involves reactive oxygen species. 
Cardiovasc. Res. 85: 484–493. 
Tang L, Tron VA, Reed JC, Mah KJ, Krajewska M, Li G, et al. (1998). Expression of apoptosis regulators 
in cutaneous malignant melanoma. Clin. Cancer Res. 4: 1865–1871. 
Terai K, Soga T, Takahashi M, Kamohara M, Ohno K, Yatsugi S, et al. (2003). Edg-8 receptors are 
preferentially expressed in oligodendrocyte lineage cells of the rat CNS. Neuroscience 116: 
1053–1062. 
Thang ND, Yajima I, Nakagawa K, Tsuzuki T, Kumasaka MY, Ohgami N, et al. (2012). A novel hairless 
mouse model for malignant melanoma. J. Dermatol. Sci. 65: 207–212. 
Tormo D, Ferrer A, Gaffal E, Wenzel J, Basner-Tschakarjan E, Steitz J, et al. (2006). Rapid growth of 
invasive metastatic melanoma in carcinogen-treated hepatocyte growth factor/scatter 
factor-transgenic mice carrying an oncogenic CDK4 mutation. Am. J. Pathol. 169: 665–672. 
Tran MA, Smith CD, Kester M, and Robertson GP. (2008). Combining nanoliposomal ceramide with 
sorafenib synergistically inhibits melanoma and breast cancer cell survival to decrease tumor 
development. Clin. Cancer Res. 14: 3571–3581. 
Trimboli AJ, Cantemir-Stone CZ, Li F, Wallace JA, Merchant A, Creasap N, et al. (2009). Pten in stromal 
fibroblasts suppresses mammary epithelial tumours. Nature 461: 1084–1091. 
Tsao H, Atkins MB, and Sober AJ. (2004).(a). Management of cutaneous melanoma. N. Engl. J. Med. 
351: 998–1012. 
Tsao H, Goel V, Wu H, Yang G, and Haluska FG. (2004).(b). Genetic interaction between NRAS and 
BRAF mutations and PTEN/MMAC1 inactivation in melanoma. J. Invest. Dermatol. 122: 337–
341. 
Tsao H, Zhang X, Fowlkes K, and Haluska FG. (2000). Relative reciprocity of NRAS and PTEN/MMAC1 
alterations in cutaneous melanoma cell lines. Cancer Res. 60: 1800–1804. 
Tsegaye Y, Richardson CG, Bravo JE, Mulcahy BJ, Lynch DV, Markham JE, et al. (2007). Arabidopsis 
mutants lacking long chain base phosphate lyase are fumonisin-sensitive and accumulate 
trihydroxy-18:1 long chain base phosphate. J. Biol. Chem. 282: 28195–28206. 
Tu G, Xu W, Huang H, and Li S. (2008). Progress in the development of matrix metalloproteinase 
inhibitors. Curr. Med. Chem. 15: 1388–1395. 
Tuhkanen H, Anttila M, Kosma V-M, Ylä-Herttuala S, Heinonen S, Kuronen A, et al. (2004). Genetic 
alterations in the peritumoral stromal cells of malignant and borderline epithelial ovarian 
tumors as indicated by allelic imbalance on chromosome 3p. Int. J. Cancer 109: 247–252. 
Tuxhorn JA, McAlhany SJ, Dang TD, Ayala GE, and Rowley DR. (2002). Stromal cells promote 
angiogenesis and growth of human prostate tumors in a differential reactive stroma (DRS) 
xenograft model. Cancer Res. 62: 3298–3307. 
Ulisse S, Baldini E, Sorrenti S, and D’Armiento M. (2009). The urokinase plasminogen activator 
system: a target for anti-cancer therapy. Curr Cancer Drug Targets 9: 32–71. 
 310 
 
Uong A, and Zon LI. (2010). Melanocytes in development and cancer. J. Cell. Physiol. 222: 38–41. 
Upadhyaya P, Kumar A, Byun H-S, Bittman R, Saba JD, and Hecht SS. (2012). The sphingolipid 
degradation product trans-2-hexadecenal forms adducts with DNA. Biochem. Biophys. Res. 
Commun. 424: 18–21. 
Urata Y, Nishimura Y, Hirase T, and Yokoyama M. (2005). Sphingosine 1-phosphate induces alpha-
smooth muscle actin expression in lung fibroblasts via Rho-kinase. Kobe J Med Sci 51: 17–27. 
Urtz N, Olivera A, Bofill-Cardona E, Csonga R, Billich A, Mechtcheriakova D, et al. (2004). Early 
activation of sphingosine kinase in mast cells and recruitment to FcepsilonRI are mediated by 
its interaction with Lyn kinase. Mol. Cell. Biol. 24: 8765–8777. 
Vadas M, Xia P, McCaughan G, and Gamble J. (2008). The role of sphingosine kinase 1 in cancer: 
oncogene or non-oncogene addiction? Biochim. Biophys. Acta 1781: 442–447. 
Väisänen A, Tuominen H, Kallioinen M, and Turpeenniemi-Hujanen T. (1996). Matrix 
metalloproteinase-2 (72 kD type IV collagenase) expression occurs in the early stage of 
human melanocytic tumour progression and may have prognostic value. J. Pathol. 180: 283–
289. 
Valyi-Nagy IT, Hirka G, Jensen PJ, Shih IM, Juhasz I, and Herlyn M. (1993). Undifferentiated 
keratinocytes control growth, morphology, and antigen expression of normal melanocytes 
through cell-cell contact. Lab. Invest. 69: 152–159. 
VanBrocklin MW, Robinson JP, Lastwika KJ, Khoury JD, and Holmen SL. (2010). Targeted delivery of 
NRASQ61R and Cre-recombinase to post-natal melanocytes induces melanoma in 
Ink4a/Arflox/lox mice. Pigment Cell & Melanoma Research 23: 531–541. 
Vasseur S, Hoffmeister A, Garcia S, Bagnis C, Dagorn J-C, and Iovanna JL. (2002). p8 is critical for 
tumour development induced by rasV12 mutated protein and E1A oncogene. EMBO Rep. 3: 
165–170. 
Van Veldhoven PP, Gijsbers S, Mannaerts GP, Vermeesch JR, and Brys V. (2000). Human sphingosine-
1-phosphate lyase: cDNA cloning, functional expression studies and mapping to chromosome 
10q22(1). Biochim. Biophys. Acta 1487: 128–134. 
van Veldhoven PP, and Mannaerts GP. (1993). Sphingosine-phosphate lyase. Adv. Lipid Res. 26: 69–
98. 
Venkataraman K, Lee Y-M, Michaud J, Thangada S, Ai Y, Bonkovsky HL, et al. (2008). Vascular 
endothelium as a contributor of plasma sphingosine 1-phosphate. Circ. Res. 102: 669–676. 
Venkataraman K, Thangada S, Michaud J, Oo ML, Ai Y, Lee Y-M, et al. (2006). Extracellular export of 
sphingosine kinase-1a contributes to the vascular S1P gradient. Biochem. J. 397: 461–471. 
Vessey DA, Li L, Honbo N, and Karliner JS. (2009). Sphingosine 1-phosphate is an important 
endogenous cardioprotectant released by ischemic pre- and postconditioning. Am. J. Physiol. 
Heart Circ. Physiol. 297: H1429–1435. 
Villanueva J, and Herlyn M. (2008). Melanoma and the tumor microenvironment. Curr Oncol Rep 10: 
439–446. 
 311 
 
Visentin B, Vekich JA, Sibbald BJ, Cavalli AL, Moreno KM, Matteo RG, et al. (2006). Validation of an 
anti-sphingosine-1-phosphate antibody as a potential therapeutic in reducing growth, 
invasion, and angiogenesis in multiple tumor lineages. Cancer Cell 9: 225–238. 
Wallace A, Kapoor V, Sun J, Mrass P, Weninger W, Heitjan DF, et al. (2008). Transforming growth 
factor-beta receptor blockade augments the effectiveness of adoptive T-cell therapy of 
established solid cancers. Clin. Cancer Res. 14: 3966–3974. 
Walzer T, Chiossone L, Chaix J, Calver A, Carozzo C, Garrigue-Antar L, et al. (2007). Natural killer cell 
trafficking in vivo requires a dedicated sphingosine 1-phosphate receptor. Nat. Immunol. 8: 
1337–1344. 
Wamhoff BR, Lynch KR, Macdonald TL, and Owens GK. (2008). Sphingosine-1-phosphate receptor 
subtypes differentially regulate smooth muscle cell phenotype. Arterioscler. Thromb. Vasc. 
Biol. 28: 1454–1461. 
Wang F, Van Brocklyn JR, Edsall L, Nava VE, and Spiegel S. (1999). Sphingosine-1-phosphate inhibits 
motility of human breast cancer cells independently of cell surface receptors. Cancer Res. 59: 
6185–6191. 
Wang W, Graeler MH, and Goetzl EJ. (2005). Type 4 sphingosine 1-phosphate G protein-coupled 
receptor (S1P4) transduces S1P effects on T cell proliferation and cytokine secretion without 
signaling migration. FASEB J. 19: 1731–1733. 
Watt AJ, Kotsis SV, and Chung KC. (2004). Risk of melanoma arising in large congenital melanocytic 
nevi: a systematic review. Plast. Reconstr. Surg. 113: 1968–1974. 
Wattenberg BW. (2010). Role of sphingosine kinase localization in sphingolipid signaling. World J Biol 
Chem 1: 362–368. 
Weigert A, Cremer S, Schmidt MV, von Knethen A, Angioni C, Geisslinger G, et al. (2010). Cleavage of 
sphingosine kinase 2 by caspase-1 provokes its release from apoptotic cells. Blood 115: 
3531–3540. 
Weigert A, Johann AM, von Knethen A, Schmidt H, Geisslinger G, and Brüne B. (2006). Apoptotic cells 
promote macrophage survival by releasing the antiapoptotic mediator sphingosine-1-
phosphate. Blood 108: 1635–1642. 
Weigert A, Schiffmann S, Sekar D, Ley S, Menrad H, Werno C, et al. (2009). Sphingosine kinase 2 
deficient tumor xenografts show impaired growth and fail to polarize macrophages towards 
an anti-inflammatory phenotype. Int. J. Cancer 125: 2114–2121. 
Wellbrock C, Ogilvie L, Hedley D, Karasarides M, Martin J, Niculescu-Duvaz D, et al. (2004). V599EB-
RAF is an oncogene in melanocytes. Cancer Res. 64: 2338–2342. 
Westermarck J, and Kähäri VM. (1999). Regulation of matrix metalloproteinase expression in tumor 
invasion. FASEB J. 13: 781–792. 
White RM, and Zon LI. (2008). Melanocytes in development, regeneration, and cancer. Cell Stem Cell 
3: 242–252. 
Whitwam T, Vanbrocklin MW, Russo ME, Haak PT, Bilgili D, Resau JH, et al. (2007). Differential 
oncogenic potential of activated RAS isoforms in melanocytes. Oncogene 26: 4563–4570. 
 312 
 
Widlund HR, Horstmann MA, Price ER, Cui J, Lessnick SL, Wu M, et al. (2002). Beta-catenin-induced 
melanoma growth requires the downstream target Microphthalmia-associated transcription 
factor. J. Cell Biol. 158: 1079–1087. 
Willmore-Payne C, Holden JA, Tripp S, and Layfield LJ. (2005). Human malignant melanoma: detection 
of BRAF- and c-kit-activating mutations by high-resolution amplicon melting analysis. Hum. 
Pathol. 36: 486–493. 
Witkiewicz AK, Dasgupta A, Sotgia F, Mercier I, Pestell RG, Sabel M, et al. (2009). An absence of 
stromal caveolin-1 expression predicts early tumor recurrence and poor clinical outcome in 
human breast cancers. Am. J. Pathol. 174: 2023–2034. 
Woods SL, and Bishop JM. (2011). A new transgenic mouse line for tetracycline inducible transgene 
expression in mature melanocytes and the melanocyte stem cells using the Dopachrome 
tautomerase promoter. Transgenic Res. 20: 421–428. 
Xia P, Gamble JR, Rye KA, Wang L, Hii CS, Cockerill P, et al. (1998). Tumor necrosis factor-alpha 
induces adhesion molecule expression through the sphingosine kinase pathway. Proc. Natl. 
Acad. Sci. U.S.A. 95: 14196–14201. 
Xia P, Gamble JR, Wang L, Pitson SM, Moretti PA, Wattenberg BW, et al. (2000). An oncogenic role of 
sphingosine kinase. Curr. Biol. 10: 1527–1530. 
Xia P, and Wadham C. (2011). Sphingosine 1-phosphate, a key mediator of the cytokine network: 
juxtacrine signaling. Cytokine Growth Factor Rev. 22: 45–53. 
Xia P, Wang L, Moretti PAB, Albanese N, Chai F, Pitson SM, et al. (2002). Sphingosine kinase interacts 
with TRAF2 and dissects tumor necrosis factor-alpha signaling. J. Biol. Chem. 277: 7996–8003. 
Xin C, Ren S, Kleuser B, Shabahang S, Eberhardt W, Radeke H, et al. (2004). Sphingosine 1-phosphate 
cross-activates the Smad signaling cascade and mimics transforming growth factor-beta-
induced cell responses. J. Biol. Chem. 279: 35255–35262. 
Yamaguchi H, Kitayama J, Takuwa N, Arikawa K, Inoki I, Takehara K, et al. (2003). Sphingosine-1-
phosphate receptor subtype-specific positive and negative regulation of Rac and 
haematogenous metastasis of melanoma cells. Biochem. J. 374: 715–722. 
Yamamura K, Kamada S, Ito S, Nakagawa K, Ichihashi M, and Tsujimoto Y. (1996). Accelerated 
disappearance of melanocytes in bcl-2-deficient mice. Cancer Res. 56: 3546–3550. 
Yamanaka M, Shegogue D, Pei H, Bu S, Bielawska A, Bielawski J, et al. (2004). Sphingosine kinase 1 
(SPHK1) is induced by transforming growth factor-beta and mediates TIMP-1 up-regulation. J. 
Biol. Chem. 279: 53994–54001. 
Yamanashi T, Nakanishi Y, Fujii G, Akishima-Fukasawa Y, Moriya Y, Kanai Y, et al. (2009). Podoplanin 
expression identified in stromal fibroblasts as a favorable prognostic marker in patients with 
colorectal carcinoma. Oncology 77: 53–62. 
Yamashita H, Kitayama J, Shida D, Yamaguchi H, Mori K, Osada M, et al. (2006). Sphingosine 1-
phosphate receptor expression profile in human gastric cancer cells: differential regulation 
on the migration and proliferation. J. Surg. Res. 130: 80–87. 
 313 
 
Yamazaki F, Okamoto H, Matsumura Y, Tanaka K, Kunisada T, and Horio T. (2005). Development of a 
new mouse model (xeroderma pigmentosum a-deficient, stem cell factor-transgenic) of 
ultraviolet B-induced melanoma. J. Invest. Dermatol. 125: 521–525. 
Yang G, Curley D, Bosenberg MW, and Tsao H. (2007). Loss of xeroderma pigmentosum C (Xpc) 
enhances melanoma photocarcinogenesis in Ink4a-Arf-deficient mice. Cancer Res. 67: 5649–
5657. 
Yang J, Luan J, Yu Y, Li C, DePinho RA, Chin L, et al. (2001). Induction of melanoma in murine 
macrophage inflammatory protein 2 transgenic mice heterozygous for inhibitor of 
kinase/alternate reading frame. Cancer Res. 61: 8150–8157. 
Yang J, Splittgerber R, Yull FE, Kantrow S, Ayers GD, Karin M, et al. (2010). Conditional ablation of Ikkb 
inhibits melanoma tumor development in mice. J. Clin. Invest. 120: 2563–2574. 
Yatomi Y, Yamamura S, Ruan F, and Igarashi Y. (1997). Sphingosine 1-phosphate induces platelet 
activation through an extracellular action and shares a platelet surface receptor with 
lysophosphatidic acid. J. Biol. Chem. 272: 5291–5297. 
Yazdi AS, Palmedo G, Flaig MJ, Puchta U, Reckwerth A, Rütten A, et al. (2003). Mutations of the BRAF 
gene in benign and malignant melanocytic lesions. J. Invest. Dermatol. 121: 1160–1162. 
Yester JW, Tizazu E, Harikumar KB, and Kordula T. (2011). Extracellular and intracellular sphingosine-
1-phosphate in cancer. Cancer Metastasis Rev. 30: 577–597. 
Yonesu K, Kawase Y, Inoue T, Takagi N, Tsuchida J, Takuwa Y, et al. (2009). Involvement of 
sphingosine-1-phosphate and S1P1 in angiogenesis: analyses using a new S1P1 antagonist of 
non-sphingosine-1-phosphate analog. Biochem. Pharmacol. 77: 1011–1020. 
Yonesu K, Nakamura T, Mizuno Y, Suzuki C, Nagayama T, Satoh S, et al. (2010). A novel sphingosine-1-
phosphate receptor 1 antagonist prevents the proliferation and relaxation of vascular 
endothelial cells by sphingosine-1-phosphate. Biol. Pharm. Bull. 33: 1500–1505. 
Yoon CM, Hong BS, Moon HG, Lim S, Suh P-G, Kim Y-K, et al. (2008). Sphingosine-1-phosphate 
promotes lymphangiogenesis by stimulating S1P1/Gi/PLC/Ca2+ signaling pathways. Blood 
112: 1129–1138. 
Yoshida Y. (2010).(a). Sphingosine-1-phosphate receptor type 1 regulates glioma cell proliferation 
and correlates with patient survival. Int. J. Cancer. 126: 2341–2352. 
Yoshida Y. (2010).(b). The expression level of sphingosine-1-phosphate receptor type 1 is related to 
MIB-1 labeling index and predicts survival of glioblastoma patients. J. Neurooncol. 98: 41–47. 
Young KW, Willets JM, Parkinson MJ, Bartlett P, Spiegel S, Nahorski SR, et al. (2003). 
Ca2+/calmodulin-dependent translocation of sphingosine kinase: role in plasma membrane 
relocation but not activation. Cell Calcium 33: 119–128. 
Young N, Pearl DK, and Van Brocklyn JR. (2009). Sphingosine-1-phosphate regulates glioblastoma cell 
invasiveness through the urokinase plasminogen activator system and CCN1/Cyr61. Mol. 
Cancer Res. 7: 23–32. 
 314 
 
Zeisberg EM, Potenta S, Xie L, Zeisberg M, and Kalluri R. (2007). Discovery of endothelial to 
mesenchymal transition as a source for carcinoma-associated fibroblasts. Cancer Res. 67: 
10123–10128. 
Zemann B, Kinzel B, Müller M, Reuschel R, Mechtcheriakova D, Urtz N, et al. (2006). Sphingosine 
kinase type 2 is essential for lymphopenia induced by the immunomodulatory drug FTY720. 
Blood 107: 1454–1458. 
Zhan X, and Desiderio DM. (2006). Nitroproteins from a human pituitary adenoma tissue discovered 
with a nitrotyrosine affinity column and tandem mass spectrometry. Anal. Biochem. 354: 
279–289. 
Zhang H, Desai NN, Olivera A, Seki T, Brooker G, and Spiegel S. (1991). Sphingosine-1-phosphate, a 
novel lipid, involved in cellular proliferation. J. Cell Biol. 114: 155–167. 
Zhang K, Pompey JM, Hsu F-F, Key P, Bandhuvula P, Saba JD, et al. (2007). Redirection of sphingolipid 
metabolism toward de novo synthesis of ethanolamine in Leishmania. EMBO J. 26: 1094–
1104. 
Zhou J, and Saba JD. (1998). Identification of the first mammalian sphingosine phosphate lyase gene 
and its functional expression in yeast. Biochem. Biophys. Res. Commun. 242: 502–507. 
Zhou Y, Lekic T, Fathali N, Ostrowski RP, Martin RD, Tang J, et al. (2010). Isoflurane posttreatment 
reduces neonatal hypoxic-ischemic brain injury in rats by the sphingosine-1-
phosphate/phosphatidylinositol-3-kinase/Akt pathway. Stroke 41: 1521–1527. 
Zhu H, Reuhl K, Zhang X, Botha R, Ryan K, Wei J, et al. (1998). Development of heritable melanoma in 
transgenic mice. J. Invest. Dermatol. 110: 247–252. 
 
 
 RESUME EN FRANÇAIS 
Le  mélanome  métastatique  demeure  un  cancer  au  sombre  pronostic,  et  aucune  des 
thérapies conventionnelles n'a pu apporter de bénéfice sur  la survie globale. Malgré  les nombreux 
progrès  réalisés  dans  la  compréhension  de  la  biologie  et  la  génétique  du  mélanome,  peu  de 
traitements efficaces sont actuellement disponibles. De plus en plus de preuves renforcent la notion 
que  le microenvironnement  tumoral  jouerait  un  rôle  clé  dans  la  progression  de  ces  tumeurs.  Les 
cellules cancéreuses  intéragissent de  façon dynamique et bidirectionnelle avec  le  stroma à  travers 
des échanges moléculaires modulant le phénotype tumoral. L'objectif de ces travaux de thèse a été 
de définir  le  rôle de  la  sphingosine 1‐phosphate  (S1P) dans  les  interactions mélanome‐stroma.  La 
signalisation  "inside‐out" de  la  S1P  lui permet d'agir  à  la  fois  sur  les  cellules  tumorales  et  sur  les 
cellules  stromales  et  souligne  l'intérêt  de  ce  métabolite  bioactif  pour  la  thérapie  ciblée  des 
mélanomes de stade avancé. L'analyse de  l'expression des enzymes du métabolisme de  la S1P dans 
des  lignées  cellulaires  de  mélanome  humain  a  mis  en  évidence  des  altérations  en  faveur  de 
l'accumulation de S1P dans  les cellules malignes en comparaison avec des mélanocytes sains. Cette 
observation a été confirmée in situ dans des tissus tumoraux issus de patients atteints de mélanome. 
La prolifération et la migration des cellules de mélanome ne sont pas affectées par des modifications 
d'expression des enzymes du métabolisme de  la S1P, mais peuvent être modulées par  l'addition de 
S1P exogène. Ainsi, des fibroblastes dermiques qui sécrètent de  la S1P  influencent  la migration des 
cellules  de  mélanome  en  co‐culture.  De  plus,  l'incubation  de  ces  fibroblastes  avec  du  milieu 
conditionné  issu  de  cellules  de  mélanome  induit  l'expression  de  protéines  impliquées  dans  la 
différenciation myofibroblastique ainsi que celle de la sphingosine kinase 1 (SK1) par les fibroblastes. 
Des expériences de tumorigenèse in vivo ont permis de montrer que la croissance tumorale locale et 
les métastases étaient augmentées de façon plus efficace par la co‐injection de fibroblastes cutanés 
sauvages par rapport à des fibroblastes  issus de souris Sphk1‐/‐. Enfin, tandis que  la diminution des 
taux de S1P plasmatique chez les souris Sphk1‐/‐ est associée à une inhibition de la croissance et de 
la dissémination des cellules de mélanome, cette dernière est à l'inverse potentialisée chez les souris 
Sphk2‐/‐ qui présentent des taux de S1P plasmatique élevés.  
L'ensemble de nos  résultats démontre  l'implication de  la S1P dans  les  interactions entre  le 
mélanome  et  son microenvironnement,  soulignant  l'intérêt  de  cibler  ce  sphingolipide  bioactif  en 
thérapeutique. 
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